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ABSTRACT

This study was performed under Bureau of Naval Weapons Coutract
NOw 61-0963-d.

The primary objective of this study was to determine the feasibility
of performing elevated temperature structural tests at roo: temperature
by modifying the applied loads. Since this amounts to increasing the
applied loads by some factor, the basis for defining this factor for a
given cross-section and temperature environment could be questionable.

A nunber of tests have been performed in this manner when moderate
temperatures and temperature distributions were involved.

Therefore, it was the purpose of this study to investigate, both
analytically and experimentally, some means whereby applied load ratios
at room temperature could be used to satisfactorily verify strength and
permanent set characteristics of the structure in eny elevated temperature
environment, The cross~section strain design procedures which provide
the load-deformation curve of the cross~section seem to provide a rational
means to establish the applied load ratios for a given structure for any
tenperature enviromront, The advantage of this typs of procedure is that
it allows for the following factors which must be allowed for in any
simulation factor or applied load ratio.

1, Variation of material properties through the cross-section
is allowed for, including the effects of previous complex
temperature exposure histories.

2, The effects of thermal stresses on the load-deformation
characteristics are included and the temperature-lcad
sequence is considerede.

3+ Inelastic stress-strain relationshlps are allowed for by
the Ramberg-0sgood stress-strain curves

Le Creep effects can be allowed for by using an isochronous
stress=-strain curve represented by the Rarberg~Osgood
equation,

5. The non-linear effects of element buckling are included.

6. Any combination of materials in the cross-zection is
allowed for,

Structural tests of bending, short colurn (erippling), long colunn,
and thermal cycling (bending) specimens were perforzad under a number
of non-unifcrm temperature distributions. Experimental load~deformation
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curves w:re obtained and compared with calculated curves, Applied load
ratios showed generally good agreement, with the calculated ratios being
slightly conservative., Comparison is also made with some simple ratios
which illustrates the strong influence of material properties and the
over-emphasis which might be placed on the thermal stresses,

The strain design procedures shown provide not only a rational means
to define the test applied load ratio for room temperature simulation,
but the analytical means for structural analysis and design as well.
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SYMBOLS

coefficient of linear thermal expansion, in./in./oF
radius of gyration, in.
area of element n, in.2

distance from centroid of cross section to extreme
fiber in x-directicn, in.

width of plate element number n, in.
effective width of plate element, number n, in,

distance from centreid of cross secticn to extreme
fiver in x-direction, in.

effective-area factor for buckling of element number n

deflection coefficient for beam column with compfession
applied load :

elastic applied-axial-load strain, in./in.

crij}ca] compressior buckling strain of element number n,
in./in.

critical element strain, in./in.

strain associated with the stress at centroid of
elerent numter n, in./in.

shift of origin of stress-strain curve for element n,
in, /iﬂo

nonlinear vart of the axial strain, in./in.

nonlinear part of the strain of elerent number n, in./in.
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SYMBOLS (Con't,)

eps = permanent-set strain after load and temperature are
removed, in./in.

ep = elastic thermal axial strain, in./in.

. eTp = elastic thermal strain on element number n, in./in.

E £ modulus of elasticity, 1bs./in.2

En = modulus of elasticity for element number n, be./in.2

Fapn = elastic applied stress on element number n, lbs./in.2

Fn = stress on element number n, 1bs./in.?

Fyn = yield stress of elerent number n at temperature of
element n, lbs./in.2

I £ moment of inertia, in.h

) = compression buckling coefficient

Kax = net bending moment strain, in./ine

Kapxs Kapy = elastic rctation angles produced by applied bending
moments about coordinate axes x and y, in./ine

Kix = momjnt strain term for initial deflsction or eccentricity,
in./in.

Kpx, Kpy = rotaticn angles produced by nonlinear effects about
. coordinate axes x and y, in./in.

Krx, qu = elastic rotation angles produced by temperature distri-
bution about coordinate axes x and y, in./in.

Kux deflection moment strain, in,./in.

L = effective column length, in.
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Mapx

Mrx s MTy

XnR
In

InR

Subscripts

oD Jo®

"

SY¥BOIS (Con't.)
exponent for Ramberg-Osgood stress-strain curve
depending upon material and temperature
applied bending moment about the x-axis, in.-lbs,
temperature moments about coordinate axes x and y, in.-lbsj
bending moments about coordinate axes x and y, in,-lbs,
applied axial load, lbse.
temperature, OF
thickness of plate élement number n, in,
deflection, in.

distance from centroid of cross section to centroid of
element number n in x~-direction, in.

distance from y reference axis to centroid of element
number n, in.

distance from centroid of cross section to centroid of
element number n in y direction, in.

distance from x reference axis to centroid of element
number n, in,

applied load or moment

step in terperature-locad sequence

element with maximum strain

nunber of the element on the cross section
nonlinear effects (btuckling, inelastic portion of
etress~-strain curve, change in elastic modulus due
to temmrature)
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Subseripts (Con't,)

ps = permanent set after load and temperature reroval
r = iteration step

T = thermal load or moment

X,y = about corresponding coordinate axes x and y

2 =

in the direction of the length of the column
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1.0 INTRODUCTION

The static test of aircraft and missile components has two
specific functions; first, to determine load-deformation and
permanent set characteristics, and second, to determine the ultimate
load carrying capacity of a structural component. For aircraft and
missiles operating essentially in a room temperature environment,
the loads on the various components are applied by some external
source and consequently may be duplicated satisfactorily in the
structures laboratory. However, those vehicles operating in Mach
No. ~ altitude regions where aerodynamie¢ heating produces severe
structural temperatures and non-uniform temperature distributions
present an entirely différent problem of static test., Considering
that the eritical flight conditions have been established using
the Mach No, - altitude - load factor histories of the vehicle,
the static tests must allow for the structural tenpcratures as
101l as the external applied loads. These structural temperatures
produce material properties reduction on many of the major elements
of a structural cross-section in addition to an internal load
system produced by a non-uniform temperature distribution through
the cross-section. The question then arises as to whether it is
necessary to duplicate as closely as possible not only the applied
loads but the temperature environment as well during static test
of airframe components. An alternative, which has been used by
some contractors, is to increase the applied loads by some specified
amount to account for reduced material properties and thermal
stresses and perform the static tests at room temperature. It is
the purpose of this study to determine, in part, the feasibility of
room temperuiure simulation and the validity of applied load ratios.

The duplication of the true applied loads and temperature
environment for a static test condition on any componcnt is extremely
difficult and complex and requires consideration of three particularly
critical items, The first two items are the additional time required
to perforin static tesls in an elevatcd temperature environment and
the increased expenses incurred by the increase in engineering man-
hours and additional equipment required due to the elevated temper-
atures. The question also arises as to whether the exact load and
temperature environment can be duplicated accurately enough to
Justify the additional time and expcnse, On large airplane or
missile components the accurate duplication of load and temperature
environment may be quite difficult to achieve for the following
reasons., First, the temperature and load applications must be made
either sequentially or simultaneously; in either case this necessitates
the prescnce of heating and loading devices in the same area simul-
taneously. Even assuming that this can be accomplished satisfactorily,

T Y PRI ST 0 e T s B esemee i e v
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the loading devices (pads, formers, etc.) represent local heat

sinks of high heat capacity, making it virtually impossible to
duplicate the structural temperature distributions as accurately

as would be required. Since the data obtained from the test is

of primary importance the complexity of the elevated temperature
static test is expanded considerably by the amount, type, and
doubtful accuracy of the instrumentation required in such a test.

To determine the temperature distributions throughcut the structure
vast numbers of thermocouples would be required and this data must
be monitored during the test as a constant check on the local
temperatures and temperature distributions. Futhermore, strain
measurements must be taken at many locations throughout the
structure requiring the use of elevated temperature strain gages
since the use of electro-mechanical extensometers presents installa-
tion and accessibility problems. The additional expense of elevated
temperature strain gages in sufficient guantity may not be warranted
vhen the accuracy of the data is questionable because of the inability
to maintain desired temperature distributions. The present state-of-
the-art requires specific installation techniques for elevated
temperature strain gages. Thr.e techniques require temperature-
time curing histories which not only add to complexity and test
phase time, but may, in some cases with aluminum alloy, produce
permanent losses of material properties which must be accounted for
in the analysis of test data and results, Overall structural
deflections would also present a serious problem when rods, wires
and other equipment may be in close proximity to the heat lamps.

In addition, the effects of thermal cycling could only be determined
by the .expensive, time-consuming procedure of sequentially heating
and cooling the structure. This procedure requires that strain

data be monitored in addition to temperature data to determine when,
and if, elastic shakedown has occurred. Remote and/or automatic
testing and data recording equipment is required due to the
particularly hazardous nature of elevated temperature tests,

It is also doubtful if a single contractor would have the full
capability of testing large components at elevated temperature for
some time. The establishment and maintenance of complete elevated
temperature testing facilities by each contractor must be absorbed
in the cost of future vehicles and the duplication of complete

facilities may be quite inefficient since some may remain idle for
long periods.

Since some contractors have performed simulated elevated
temperature tests at room temperature using additional factors on
the applied loads, it is essential that the validity of these
factors be determined. If room temperature simulation of elevated
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temperature static tests is considered feasible, it is equally
sssential that the applied load ratios be established by some
rational procedure which allows for materlal property variation
and the presence of temperature imduced 1loads (thermal stresses)
for any structure in any temperature-load environment. The use of
these applied load ratios must allow sufficiently aceurate room
temperature static tests to be performed to prove the structural
integrity of an airfame in an elevated temperature environment,

23 P,
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2.0 OBJECTLVES

The primary obJective ol *this study was to ilnvestigate the
feasibility of simulating elevated temperature static tests at
room temperature and the use of applied load ratio procedures
presently being used. A secondery objective was to investigate
some rational means of establishing epplied load factors which
would account for the various factors affecting both the elevated
temperature and room temperature strength end deformation. It
was also necessary to establish wnat additionel problems might be
encountered in performing the elevated temperature tests and
evaluating data from those tests, With 7075-T6 aluminum alloy
selected a5 the material for the test specimens the materlal
properties variation became a significant factor as higher test
temperatures and complex tempcrature exposure histories affected
the recovery of the basic material properties, Therefore, an
important secondary obJjective was to investigete the difficulties
of data evaluation and theoretical analysis when severe temperature-
time environments are present.

Since the majority of static test failures occur in com-
pression members the study was restricted to bending and axial
load where the failures would be precipitated by local iustability.
Furthermore, compression failures are affected to & greater degree
by the presence of thermal stresses than a straight tension
failure, particularly when local buckling is involved. The test
specimens selected for.the experimental portion of the program were
built-up box specimens using plate element b/g values within the
range of present aircraft wing and cmpennage structures, Bending,
crippling, and long column specimens were tested to obtain load-
deformation data based on extreme fiber strain date, and overall
foreshortening data in the case of the long columns,

It was also questionable whether the effects of strein accumu-
lation produced by temperature cycling at high loads could be
adequately represented by a single static test at room temperature.
This type of environment is generally representative of pressurizegd
fuselages at high Mach numbers,

Essentially, then, the combined analytical-experimental
program performed during this study was to investigate applied load
ratio simulation at room temperature by considering the eritical
factors affecting the applied load ratio at any desired offset
strain (permanent set), maximum desired strain, or at ultimate
(failure). The major factors affecting the definition of eny
epplied load ratio are:

* FORM H.10.G.¢

oy & S N T e |




NORTH AMEBJ&{‘\'!\{MQIXLATION. INC. NA62H=-973

COLUMBUS 16, OHIO Page 10

1., Variation of materiel properties through the cross-
section where the reduction of material properties on
any structural element must, in some cases, allow for
the effects of previous complex temperature exposure
histories,

2. The effects of thermal stresses,

3. Inelastic stress-strain relationships.
4. Buckling,

5. Possible use of mixed materials,

The strain design procedures described in Section 3.0 allow for
these factors and constitute the major analytical effort in this
study. The significance in the use of strain design procedures,
aside from allowing for inelastic effects, etc., lies in the fact
that the elevated temperature and room temperasture load-deforma-
tion curves are defined on a single, compatible basis,

Some simulation testing has been performed using applied
load ratios based on material properties reduction at elevated
temperature, For some of the more severe temperature environments
producing significant thermal stresses some additional factors
have been included in the applied load ratio to account for the
elastic thermal stresses, Therefore, it was also the objective of
this program to investigate the validity of these simplified
ratios,

© FORM H 10.G.t
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3.0 THEORETICAL ANALYSIS

For the assumption that a cross-section of a structural
component remains plane at all times except near cut-outs or
near the ends of a beam, the strain equations may be written
for the structural elements in the cross-section for any com-
bination of temperature and load or for any temperature-load
sequence. These strains and the associated stresses obtained
from the Ramberg-Osgood representation of the stress-strain
curve for each element provide the data for constructing the
load-deformation curve of the entire cross-section. The pro-
cedures shown include temperature variation through the cross-
section, mixed materials, material property variation, local
instability, column instability (including any local instability
effects), and inelastic stress-strain relationships. The load-
deformation curves of Section 4.0 which are constructed for the
entire cross~section reflect the presence of the aforementioned
effects on each element in the cross-section., The following
procedure is basically that shown in References ( a ) and
{ ¢ ) with minor modifications,

3,1 STRAIN EQUATIONS

The strain of any element in the cross-section consists
of the sum of the elastic thermal strain, the elastic applied
axial load and bending moment strains, and & correcting linear
strain term to account for all inelastic effects as shown in
Eq. (3.1.1).

= _2Pn
en = eTn + En + epn
where,
Fa
P, x
—_8 =g  tK Y -n
Eq 8p - OPx B+ Kep, D (3.1.1)
and,

= In + §L‘
[-4 P n e P + pr _8 Kapy b
er, is the elastic thermal strain, FaPn/En is the elastic

applied axial load and bending moment strain, and ep, is the
correcting term for all inelastic effects. e,, is an elastic
applied axial load strain and K and Ka are elastic applied
bending moment straias about or%ﬁ%gonal axts x and y, respec~
tively. ep, Kpx, and Kp, are the correcting axial and bending
strains for inelastic effects. xpn and ¥, are distances fron
the elastic centrcid of the eross-section to the centroid of
element n, and b and ¢ are the muximum values of x and y, re-
spectively,

H-18-G-1
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The elastioc thermal strain.in Eq. (3.1.1) is

‘e, =- («T), +eq + Kp, 2’% +K-ryf% A
where,
eT :ZEH (“T)n
ZEnAn
Ko, = o|'y (BLy) - vry (BLy) (3.1.2)

|EL) €1) - (BIxy)*

b |MTy (EIc) - Mp (ELc)
(ELe) €1) - (ELy)

"

b1y

In Eq. (3.1.2) the thermal moments and the elastic bending
stiffness parameters are '

Mr, =ZBy @Tn Ay va 4 Mp =2E, OT), Axy

(BL) =Ziphava® (L) =ZE A x (3.1.3)

(BLyy) =ZEpAnxnyn

The values of x, and y, are calculated from reference axes
xp and yr by

= EnA
xn = an _Z-n nan s Yn = ynR _ZEnAn}'nR

.1.
ZEphy SEA (3.1.4)
The axial load and bending moment strains in Eq. (3.1.1)
can be obtained from the applied load P and the applied bend-
ing moments My and My by

H-18-G-1
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A\
A
Py
ap * .‘J?L \
Fohn i

K. oM (EL) - My (BLyy |
o ,&c[(EIx) (EIy) - (EIq)q b (5.1.5)

}
Kap . ¢ b[My(EIx) = M (Ely) ]
[*Tx) L) = (EL)2

The values of the inelastic correcting s uins Ops Kp ’
and Kp ust be determined by the iteration p -ccedurvs -.° x

~Secs 3.6 .to satisfy the conditions of .i.' 'ord and be .ling

nment equilibrium on the cross-sectson with the stress: 1 ob=
tained o7 Ssce 3436

3.2 SEQUENCE LOADING

The general element strain equation of Sec. 3.1 is
directly applicable only to the very specific case of sin::l=
taneous application of temperature and load and does noi .1low
for any previous temperature - load history. Eq. (3.1.1) can
be written in terms of any previous step j-l1 in the tempe: sture-
load sequence and the load or temperature application or
removal at step J as

\

eny = _gr_l_ - (“T)nj + (ep * eap + emj . (KTx +Kapx-;_,i :’.aé

Ly,
n

. X
JERTEL SIS
- Fn
) (E—n) P (3.2.1)

F
In Eq. (3.2.1) the term(ﬁ'ﬁ)j_l is the elastic strain from the
previous step assuming that the strain en; starts from a new
origin. Aej; is the incremental strain fgr a temperature or
load applica%ion or removal step. The values of Ae,, for tem-
perature and load application and removal steps are éhown in
qu (3.2.2)0

H-18-G-1
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APPLY TEMPERATURE (+T)

Y Xn
Beqy = -(aT)ny * (eptep)y + (Kp o )y =g+ (Kp o)y
APPLY LOAD (+P)
den: = (Bap * 05)3 + (Kap, 1K, ) In 4 (Kgp_ +K, ) Xn
ny = Pep T Opry T EPxTedly =gt Wapgtip )y
(3.2.2)
REMOVE_LOAD (~P)

Y
beng= (-eaptop) j+ (-Kapgtp )y =g + (~Kapy * ¥p ), f"g
REMOVE TEMPERATURE (~T)
- ¥ X
Aenj = (0‘T)nj-r(-eT+ep)j+(_xTx+pr)3 -% +(-xTy+xpy)j -%

STRESS_EQUATIONS

In order to obtain the element stresses from the.element
strains calculated by Eq. (3.2.1) for a particular load or tem-
perature step, the non-dimensional Ramberg-Osgood equation is

used. The general form from References ( a Jand ( £ )
is

m~1
2t =fn 1+_;.(§rz_]
Fyn Fyn In (3.3.1)
The strain eny assoclated with the stress is completely de-
fined by Eq. {3.2.1) except for the case where unloading from
the original stress-strain curve has occurred and subsequent
reloading returns the element to the old stress-strain curve.
In this case, the strain associated with the stress is ex-

pressed as
( b
én; t ith = e o3
nj + Gpg) with an, ;Z.k no (3.3.2)
where engy; 1s determined by
F,
ony =en - Eﬁ (3-303)

H-18-G-1
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and k is the step at which the last sign reversal of ey
occurred. i
Eq. (3.3.3) is not included in the sum of Eq. (3.3.2) unless
it satisfies the equation
F
y .
eno _>__ 0.046(—5‘:!-1) (30304)

n

which corresponds to a point on the stress-strain curve where

'::_n— ->—0'80 (3-305)

In

for the particular case with a Ramberg-Osgood exponent m=10.
Eq. (3.3.5) is an arbitrarily selected point on the stress-
strain curve which defines an effective elastic limit. A new
stress~strain curve is assumed to arise whenever unloading

occurs frcm a point on the stress-strain curve which satisfies
Eq. (303.5) .

To determine the element stresses at any step in the tem-
perature-load sequence corresponding to the strains in Eq's,
(3.2.1) and (3.3.2), Eq. (3.3.1) is modified to

End Fnj -2_ Fn m-1
—— (e + S e |1t -—-j— (30306)
Fny = ang) =7 ; 7 oy KFynj)
where r, =0,1
J"m (30307)
an = o ’ Z en

i=k o3

The values of r, and q,. to be used at any temperzture or
load step depengjupon thd previous steps, the signs of Aenj
and ep, in Eq. (3.2.1), and the sum of all e,  values

satisfying Eq. (3.3.4) and occurring after en,, reverses sign
at step ko Step j-m in Eq. 3.3.7 is the last §tep at which ep
satisfies Eq. (3.3.4). The values of rp, and qu, to use in
Eq. (3.3.6) are defined at any step in tﬁe tempetrature-load
sequence by the logic tuble of Fig, 3el.

o3
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3.4 SIGN CONVENTION

The use of the equations of Section 3.0 to define the load-
deformation curves of Section 4.0 requires that certain definite
sign conventions be established for compatibility in any tempera-
ture - load sequence, The following table outlines the required
sign convention.

FIGURE 3,2
SIGN CONVENTION

Equation Term Algebraic Sign

T - (+) if temperature increases from datum
(-) if temperature decreases from datum

Xy s ¥p (+) dimension toward the extreme fiber
element having the highest positive value
of (XT). In the case of symmetrical
temperature distribution and geometry
any convenient sign convention may be
selected if the applied moment values
have consistent signs,.

N (+) tension
(-) compression
¢,b (+)
e, (+) tension
P (-) compression
L (+) if the applied bending moment M_ puts
Px compression on elements having -y, values.

(-) if the applied bending momentnMx puts
compression on elements having +¥n values.

K (+) if the applied bending mowcnt M, puts
Y compression on elements having - alues,
(~) if the applied bending moment M, puts
compression on elements having X, values,

FORM M.10.G.1
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Equation Term : Algebraic Sign
P ‘(+; tension
(~) compression
Mx (+) if moment produces compression on

elements having “In values.
(-) if moment produces compression on
elements having ¥ values.,

M (+) if moment produces compression on
elements having -x.  values.
(~) if moment produces compression on
elements having X values.,

e , e (+) tension
(-) compression

crn (_)

FORM H.10.G.1




NORTH AMCEOIL?J&{J\GI\L&'\&I‘ATION. INC. NA62H-973
COLUMBUS 16, OHIO Page 20

3.5 BUCKLING

For stable elements in the structure or for those elements
with stresses below the local buckling stresses the stress-strain
relationship is adequately defined by the non-dimensional Ramberg-
Osgood stress-strain curve of Sec. 3.3. Since some elements may
buckle at any step in the temperature-load sequence the stress
and strain distribution on these eleménts changes due to the
change in length of the buckled element from the deflection.
Also, since some part of the buckled element (one or more edges)
does not deflect, the strain in this undeflected portion is
taken as the reference strain for the element. This reference
strain is also the strain to be associated with the strains of
the other elements in the structural cross-section.

The critical buckling strain of any element in the cross-
section is:
% 2
n
eer, = -K (bn) (3.5.1)

vhere the buckling coefficient K depends upon the edge conditions.
For tae usual effective-area case for compression,an effective
vidth is defined as in Ref. ( a ) where

Png _ Ser 1/2
5 ngfL) (3.5.2)

and bp, is the effective width of element n after the critical
buckling strain has been reached. Since e, is the strain
associated with the stress except for unloading end subsequent
reloading to the old stress-strain curve Eq. (3.5.2) must be
modified to:

1/2

€
= (=B ) (3.5.3)
n €ny + gy

where the correcting strain q,, is defined at each step § in
the temperature-load sequence Yy the methods and logic table of
Sec. 3.3.

The effective area coefficients for elements subject to
local instability ere then defined at any temperature or load
step and any iteration step by

Cn'-'l:(en"'qn)-‘-e
! j crn (3.5.4)
eor /2
‘ Cn = (én3n+ an) ’ (enJ ¥ q“d) > Cery
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J=m
If Onj is elvays defined as gy = Ezi €noy then the values of Any

shown in the effective area factors of Equation 3.5.4 are adequately
defined, In the digital computer program which uses the logic
table of Figure 3.1, dny may be defined as either

o :
: = e o =0
an 15 noy r qnj

depending upon whether the element strain is on an elastic line,

a nev stress-strain curve, or has returned to the original stress-
strain., In any case the value of q,, in Equations 3,5.3 and

3.5.4 1s always defined by J

J=

Any = 12; ®noy

3.6 ITERATION EQUATIONS

The first gpproximation of the element strains at any step
in the temperature~load sequence is made by solving Equation 3.2.1
‘using the applicable AenJ from Equetion 3.2.2 with ep, pr, and

pr as zero., The stresses assoclated with these strains are cal-

culated using the modified RambergsOsgood Equation 3.3.6 and the
logic table of Figure 3,1 . The second approximations for the
values of ep, pr, and pr are given by the general iteration
equations

(epy), = lepyhy - (eapj)r-; * cep

(prd)r ) (prd)r-l i} (Kapxé)r-l Kap, (3.6.1)
(pr.j )I' i = (prJ )1'-1- - (Kapyj )l‘-l + Kapy
where,
:E (Fnd)r-l “n (cnd)r-l
(eapj)r-l =
2 En By

Halhe(e-1
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« lZ(FnJ) Ap (CnJ) (xn } ‘.z nfn (Yn) ( )]
apxa rel [ZEnAn (ya)d“_ZEnAn (Xn ] [zEnAn (Yn) (xnx’é

iz""na e 20 (ony)yy @ ][ Z5wtn G2°]
ZEnAn 4 [ZEnAn (£2) ] - [ZEnAn do)

(3.6.2)
[ 2Fny) | 40 (oay) ("“)}[ZEnAn &) @) ’
j

ZEnAn (?2) ZEnAn ('— l - [ZEnAn (E_ %-%
3 ‘.Z(Fnd )r An (CnJ )] [ZEnAn (_51_1_)2]
[ZEnAn (E‘) ]‘ZEnAn (g‘) } - [ZEnAn (%}l) (:;_r_,_f

aprJ r-l

For bending about one axis only, the internal bending momeunts at
the r-l iteration step are simplified to

Z(Fng)_, An (cnj)r s

Z EnAn ( )

(Kapxj )r-l

or,
(=2)

Z(FnJ )r-l An (cnvj)r-l

2
X
zEnAn (:62)

(Kapyd )r-l =

ea{, Kapy» &nd Kgp, in Equation 3.6,1 are defined by Equation

New strains and stresses are obtained from Equations 3.2,1
and 3,3.6 using the successive approximations of Equation 3.6.1l.
The iteration is continued until epy = (epa)r = (ePJ)r-l’ pr.) -
(K ) = (K ) , end K = (X ) = (% ) within a
Prgly PR CE I I A1)

H-18-G-1




NORTH AMERICAN AVIATION, INC.
COLUMBUS DIVISION NA62H-973
COLUMBUS 16, OHIO Page 23

specified tolerance. An acceptable tolerance range has been
found to be + 0,00003 in./in, to + 0,00006 in,/in, depending
upon the type of problem where the smaller tolerance is required
in strain eccumulation problems such as thermsl cycling, For
most static (+T, +P, -P, -T) problems a realistic tolerance is

+0,00005 in,/in,

H=16-C-1
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3.7 COLUMN PROCEDURES
Reference ( g )

Columns may have an unsymmetrical temperature distribution
through the cross-section or a secondary bending moment may be
acting on the column producing deflections normal to the neutral
plane of the column, An axial load acting on the column element
will affect these deflections by producing e bending moment due to
the deflections, If symmetrical bending only is considered, the
net bending moment strain consists of two parts, one due to
applied secondary bending moments and one due to deflection,

Kax = Kapx + K\ix (307.1)

The deflection moment strain may be described in terms of egp
and the deflection W as follows:

=¥ €ap E_E.Mf.M___Z = Ve (g')e

K
v c

(3.7.2)

X

Y
T ety (22)

vhere M is an element in the column cross-section, In many
problems the epplied secondary bending moment may be related
to the applied axial load as

Mgpx =P PaP (347.3)

In this case Equation (3.7.2) may also be written

2
Kax W+ P c
‘e—a; = = c (p) (3070’*)

If 2z is the variable along the length of the structure, then W

depends on z and the end conditions, while p may depend on z
if the applied moment is variable, For simple beams

% M Ky
325 il il (3.7.5)
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The net rotationel strain of any crosse-section through the
column may be written

J=1
Kx = Ky +Ky, +Kgp, +Kp +XKp + 52% Kpx (3.7.6)

for the temperature-load sequence 4T, +P where Ki represents

the initial deflection or eccentricity of the loads In Equation’
(3.7.6) Kpy is & function of z depending upon the amount of
inelastic action of the various cross-sections throughout the
span or length of the column, Equation (3.7.5) can be written

\ |
Pay =(5§P-) Ky , (3.7.7)

dza P

where, with K as a table of values for selected values of gz,
then K, can be obtained from Equation (3.7.7) by en area-moment

numerical integration or by a double summation,

It Kapx’ Kp, and Kix are constant along the beanm, then pr
will be constant except for the effect of W, Assume. pr

18 constant elong the -span so that Equation (3 T«T7) can be
integrated to give

Ky, = (Ki +K&P + K +2Kp +Kp )f (z) ‘-
x x x % X X .

£ (2) = cos q (1 -Ez-) -cos q
' cos q

f(épmpression) ) (3.7.8)

cosh q (1 - %ﬁ)»_ cosh q

= (tension)
cosh q :

(347.9)
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For a simply supported besm~column

m o2 ne [e
let Cop =~ "172'0_' ’ q2 = T ('e-zs) ) (307010)

g0 that the maximum deflection in Equation (3.7.8) at z = % 18

=1
(Kw") maXe (Kix.'* Kapy * K1y * J§l KPxJ * pr) T max, (-292)

cr

(3.7.11)

Equation (3.7.6) may be written

el (k. it
Xy = [} + 1 max’(ecr)] (K, + Kap,+ Kr + jéi Kp, + pr)

(3.7.12)

The temperature-load sequence of primary importance for
defining the column load-deformation curve is apply temperature
(+47), then apply load (+P). For eny given temperature distribu-
tion through the column cross-section a range of loads is applied
to establish the shape and the peak of the column load-deforma-
tion curve,

The strain equation for the temperature application step
for the column is essentially that shown by Equetions (3,2,1)
and (3.2.2), For the applied load step in the temperature-
load sequence +T, 4P the element strains are found by the
following equation

a1 M
emy = 5 4 (egp +ep), + (Kpp, + Ky +K5 ) T8 (3,7.13)
My J

where

31
= (K, + (Kp ) +K + + ) Cy.
g = Oty * 0 ) )+ ey My 2 My ) O

H-16-G-1
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and
1 - cos m/2 (322)
- €er
cos m/2 (eap/ecr)

1x

vhen a compression load is acting.

epJ and prJ must be determined by an iterative procedure
to satisfy the following equilibrium conditions,

. ZFMJ Ay
8Py Ty

7 FMJAM(?_L‘) (3.7.14)
(Kgpx; + Ky, ) = M""—'—""E'c
P Ty %3%‘\:«1({:3)

c

In Equation (3.7.12) the stresses FMJ are determined by the

procedures of Section 3.3, The lteration equations for the
equilibrium condition ares

(ep,) = (ep,) Z (Fhg), M (),
py) = lepy)y * cepy~ TEay

(pr'j)r = (prd)r-l + [Kapxd + (waj)r-l ?(3.7.15)

Z (Fuy),_y A (Cng)

B ™
Z By (P

M
L &

Y=
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Tvo sets of answefs are provided at convergence of the
iteration equations (3.7.15) with the second set defining a
post=buckling point on the column load-deformastion curve.

The column procedures presented in this section are based
on constant moments and a maximum value of Kyx 3 Further columm

studies have shown this approximation to be quite accurate for
practical design use, Comparisons of column loadedeformation
curves using the approximate procedures of this section and by
integrating the inelastic effects along the length of the
column show good correlation between the two methods with the
approximate procedures being slightly conservative,

Hel-Gonl
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3.8 ELEMENT FAILURE CRITERIA

Since the Ramberg-Osgood equation representing

the element stress-strain curve is a continually rising
function, stresses could be calculated which are beyond
the tensile ultimate strength of the materisl, There-
fore, it is necessary to provide an upper limit stress
cut-off when using the Ramberg-Usgood equation. This
cut-off would be either the tensile ultimate strength
(Ft,) or the compressive yield strength (Fcy) depending

upon the losding and geometry of the structure., Gen-
erally, for tension elements and those compression
elements not affected by local instability even at high
strains the stress cut-off may be taken as Fi,. For

those compression elements subject to local instability
(typical of most airfresme compression structures) the
stress cut-off is more reslistically taken as Fgy. In
either case, however, an element reaching this stress
cut-off does not necessarily indicate failure of the
cross=-section since the element strain can still increase
with the increase in load being carried by lower stressed
elements in the cross-section., Essentially, then, a
single critically loaded element reaching a stress cut-
off on the stress-strain curve may have little rela-
tionship to the load-carrying cepacity of the cross-
section, Although the element strains are allowed to
increase beyond the point of stress cut-off the stresses
used in the equilibrium iteration equations of Section
3.6 are the cut-off stresses.

Coupled with the element stress cut-off to define
failure of the entire cross-section is the value of
element strain at any step in the temperature-load
sequence, A morec realistic criterion for defining
element failure compatible with the failing load of the
entire cross-section is a given strain which is generally
the tensile elongation of the materisl, For most test
comparisons and studies made to date, favorable agreement
on load carrying capacity has been obtained using the
tensile elongation strain cut-off on gll tension and
compression zlements,

In addition to the necessary failure criteria the
strain accumulation or thermal cycling problem may
reach an elastic shakedown state where no further strain

b-16-G-}
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3.9

accumulation occurs and the strain cut~off may never

be reached by any element in the cross-section. Therefore,
some criterion is necessary to define when, and if,

elastic shakedown has occurred. For thermal cycling

the criterion for clastic shakedown is defined by each
element in the cross-section satisfying the equation

1=
‘ e =0 (3.8.1)
1 .-.Z.j-u n0y
where
Fy
enoi = 0, if €noj < 0,046 (_E-:')
IBM PROGRAM

The allowable loads and load~deformation curves
presented in this study were determined by the use of
the IBM 709 digital computer, The IBM program used
was identical to that described in Appendix C of
Reference (g) which includes a complete FORTRAN listing
end block diagram of the program.

He1L-G-1
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4,0 LOAD-DEFORMATION CURVES

In order to obtain the applied loed ratios it is first
necessary to obtain the load-deformation curves for the structural
cross-section in the design temperature environment and a room
temperature environment, For a static test two temperature-load
sequences will be of particular importance. These are +I, +P for
data comparison with temperature and load acting on the structure
and for defining the ultimate load; and, +T, +P, -P, -T for any
comparison involving permanent set characteristics such as the
applied load ratios for defining yield load. This temperature-
load sequence may, in some cases, be quite different where the
sequence is defined by the particular critical design condition,

The solution of the equations of Sections 3.1 through 3.6 or
Section 3.7 glves the strains and stresses on each element of the
cross-section at each step of the temperature-load sequence, and
also gives the values of the inelastic strains epJ, prd’ and pr

for each step in the sequence. After a finite number of steps the
net inelastic effect on any element n is given by

epsn = z,jepj + (%prj) z;rl + (Z.)pr,j) %xp- (4.0.1)

The inelastic strain represented by €pg represents the net in-
. n

elastic effect with reference to the origin of the original stress~
strain curve for element n. }Eepj represents the inelastic axial

strain while }EKP and E:Kp represent the inelastic rotation
*J 3
of the cross-section. If the inelastic strailn represented by pg

is calculated after tempersture and load are applied and then
removed (4T, +P, -P, -T) then eps,, represents the permanent set

strain on the element.,

The calculations are performed for a particular cross-section,
materiasl or material combinations, temperature distribution and
temperature~load cycle for a range of values of the applied loads
and/or moments, The load-deformation curves for the cross-section
are then constructed where the ordinate may be in terms of an
elastic applied stress defined by

FORM H.1B.G.}




NORTH AMERICAN AVIATION, INC

COLUMBUS DIVISION * NA62H~973
] COLUMBUS 16. OHIO Page 32
Fapp = [eap Kapy (ym) +XK apy ( )] (4.0.2)

or, .the ordinate may be taken as the applied load or moment
(P or M) in the case of applied loads for structural testing.
The critical element strain on the ebscissa is defined by

Fapm/Em + epg, where the subscript m denotes the element with

the maximum inelastic or permanent set strain, This curve is
equivalent to an applied stress-strain curve for the critical
element m and includes temperature effects on material properties,
thermal stresses, and inelastic effects on the entire cross-
section,

The load-deformation curves represent the load-carrying
capacity of the entire cross-section and not that of the highest
stressed element, Although the allowable stress for the highest
stressed element may have little relationship to the actual load-
carrying capacity of the structure, the element with the largest
inelastic or permanent set strain is important to determine the
shape of the load-deformation curve.

For long columns (or beam-columns) the foreshortening strain
on the abscissa 1is egp + ep + iE where é& is the foreshortening

due to bending deflection and is defined by

- A__I_J_ ~ nzws
L = - L2 (h’oo'3)
In Eq, 4.0.2 the maximum deflection Wy is defined by
[ _ 2z
Vo = P2k cos q (1 L ) - cos g » compression
T~ ¢ egp cos g
. (4.0.4)
2z
h -£2) - h
- 235 cosh q (1 L ) - cosh q s tension
¢ €gp cosh q
L
vhere,
, " %ep 12 n2 (e, n@ p2 )
gs = D - | T ec =""5 (uooos
b p° B \eey) T 12
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In Eq. 4.0.4 the general rotational strain term is

K ® Ky + Ky, + Kapy + ? Kpy (4.0.6)

The calculated and experimental load~-deformation curves
for the specimens tested during this study are explained and
plotted in Sec., 8,0,

FORM H.10.G.9

i

WU T O D g o SRELE



NORTH AMERICAN AVIATION, INC.
COLUMBUS DIVISION NA62H-973
COLUMBUS 16, OHIO Page 34

5.0 TEST PROGRAMS

The purpose of the test program was to test three typical aircraft
components under a variety of time-temperature histories in order to
obtain as many data polnts as possible to use in the development and
refinement of the mathematical analysis of these same components,

5,1 TEST SPECIMENS

A total of twenty-eight specimens were tested in this progranm,
consisting of sixteen bending beams, six short colurns and six long
columns, Part of the specimens . were assembled with close tolerance
bolts and the remainder with high shear rivets in order to ascertain
if the type of fastener would make any detectable difference in the
test results., Sketches of each type of specimen are shown in Figures
5.1, 5.2 and 5.3.

5.1.1 SPECIMEN IDENTIFICATION

Each specimen was identified according to the following code:

A-1 through A-6 were short columns
B-1 through B-17 were bending beams
C-1 through C-6 were long columns

In addition, each cover plate and channel of each specimen was
identified as to which sheet of material it was from and the location
on that sheet. This was for correlating material properties of each
specimen with tensile coupons taken from each sheet of material.

5.1.2 FASTENERS

Three short colurms, eight bending beams and all long columns were
assembled with liASUGH-L-6 high strength close tolerance bolts, NAS679A4
self-locking high temporature nuts and 2J17-/116 washers as required.

The remainder of the specimens were assembled with high shear
rivets consisting of HS52P-8~9 pins, HS32-8 collars and ZWl7-416 washers.,

5.1.3 SPECTIEN FABRICATION

After detall parts were formed for each specimen, the assenblies
were clamped together and pilot drilled. IFach hole was then brought
uvp in steps to the correct size, with reaming the hole to the correct
tolerance being the final step.

K180 1
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The fasteners were inserted in the holes and the parts drawm
together tightly by either torquing the bolts to eighty inch-pounds

or driving the rivets, depending upon the type of fasteners used in
the specimen,

5,2 TINSTRUMINTATION

5.2.1 EXIZNSOETIR

An attempt was made to buy some type of transducer which would read
post yleld strains both at ambient temperature and elevated temperatures.

. No commercial device was found to do this. After considering several

mechanical-type devices to read strains it was decided to fabricate
bent~type extensometers incorporating four temperature compensated foil
strain gages arranged in a Wheatstone bridge configuration sensitive

to bending strains. These instranents were used on all specimens tested.
Figure 5.4 shows the details of the extensometer.

5.2,1.,1 EXTENSOMETER CALIERATION

The extensometers were calibrated using fixture showm in Figure
B.l, The dial indicator was used to set predetermined deflections in
the extensometer and this deflection was checked by the Stairett dial
indicator. The output from the Wheatstone bridge on the extensometer
for all deflections set in the extensometer was read by a Baldwin-Limae
Hamilton a~c powered Model N portable strain recorder. A plot of this
calibration is shovm in Figure 5.5.

5.2,1.2 CHECKS OF EXTENSC.ETER MEASUREMENTS

Three checks were made of extensometer measurements at elevailed
temperatures. The first consisted of fastening the extensometer to a
quartz rod, inserting the assembly in an oven, and reading the output
of the extensometer at various temperatures up to 400°F. The exien-
someter shoved negligible output at this temperature range. Since the
theorelical linear coefficient of linear expansion of qui+iz is
L77 X 10~6 inches and the gage length of the extensorieter is
: inch OF,

1.00 inches, the theoretical output of the extensometer would be

(400 -~ 80) x .28 x 106 = 6,6 microinches, and this c2n be considered
13.457

negligible.

The second check consisted of fastening the extensomster to a
short bar of 2024 aluninum alloy and inseriling the assenbly in an oven,
In this manner the coefficient of expansion of the 202l alumirum alloy
bar could be measured directly since the gage length of ihe extensomcter
is 1.00 inches, The results of these measurements are shovm in Figure

5.6.
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The third check consisted of using a high eloncation strain gage
of Tatnall Type HE-18l-E fastened to a standard tension specimen with
C-2 cement, The extensometer was also fastened to the tension specimen
and the entire assembly loaded in tension., The results of this check
are showvm in Figure 5.7,

The results of these checks were felt to be of sufficient accuracy
to warrant their use in the test program.

5.2.2, STRAIN GAGES

5.2.2,1 HIGH TH{PERATURE GAGES

The Tatnall Measwring Systems Type C~12-142B strain gage employed
in these tests are self temperature compensating “advance" metal £ilm
strain gages. The term "self temperature compensated" refers to a
strain gage intended for use on material having a certain therral
coefficient of expansion. The temperature coefficient of resistance
of the gage alloy and the thermal coefficient of expansion of the mounting
surface combine so as to produce a minimum resistance change in the
strain gage output with changing temperature. This results in a very
low value of apparent strain or temperature induced strain., Practical
considerations limit this particular strain gage to 500°F for short
term static testing.

In addition to self temperature compensation the amount of apparent
strain is also minimized through consideration of bridge configurations,
leax wire hook up, and type of read oult instrumentation.

The manufacturer of these gages packages, along with the strain
gage, a curve of apparent strain versus temperature. Prior laboratory
tests have served to verify this information.

Gage Installation procedures are those recommended by the manu-
facturer utilizipg TMS Type GA 50 epoxy cement with a curing cycle of
two hours at 350 F followed by one half hour at 450°F,

5.2.2,2 HIGH ELONGATION GAGES

The Tatnall Measuring Systems Type HE-18l1-E high elongation strain
gages employed in these tests are considered to be a relatively new
item entering the strain gage field, Their use is primarily advanta-
geous for post yield work. o particular lemperature compensstion is
attempted and due to the nature of transferring post yleld strzins fron
the material to the gage, an Armstrong C-2, an unfilled resin cement
with 2 hours at 200°F cure was used.

H-18-G-!
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EXTENSGMETER CALIBRATION
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Figure 5.6
CALTBRATION CHECK OF EXTENSOMETZER
USING 202 ALUMINUIL ALLOY ROD
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Figure 5.7 shous the curves comparing the use of the high
elongation strain gage and the exlensomeler on the same tensile coupon.

5.2,3 " TNSTRUMENTATION LOCATION

5.2,3.1 SPECIMEN INSTRUVENTATION

The instrumentation for measuring strain and temperature were
located on a cross-cection at the centerline of each specimen, The
location and identification of this instrumentation is shown in
Figure 5.8,

The room temperature specimens had no thermocouples, and the
strain gages were of the high elongation type (Tatnall HE-181-E),

All specimens tested to failure at elevated temperatures had iron-
constantan thermocouples and high temperature strain gages (Tatnall
C~12-142B) as shown in Figure 5.8, All specimens thermal cyeled had
iron-constantan thermocouples, but no strain gages.

A1l specimens were tested using extensometers located as shown
in Figure 5.8.

5.2.3.2 COLUMN DEFLECTION MEASURENERTS

A1l colum deflections were obtained by measuring the movement
between the heads of the Universal testing machine used for all column
tests, This movement was measured by means of a deflection transducer.

The input from the deflection transducer and the input from a
load cell incorporated in the load-measuring system of the Universal
testing nachine were combined by an X-Y plotter to give a load-deflec-
tion curve for each column tested. A curve being drawvn by the X-Y
plotter is shown in Figure B.Z2.

A1l tension coupouns were tested in the Universal testing machine
using the X-Y plotter with an extensometer furnishing the deflection
input and a strain gaged calibrated load link furnishing the load input.

5.2.4 DATA RECORDING LEVICES

Thermocouple data was recorded on the Gilmore Mcdel 179 data logger,
while strain gage and transducer data was recorded ranually using
Baldviin Type L or K portable strain indicators. During certain test
runs a multiplexing switch was employed with the portable strain
indicators to increase channel capacity.

H-1E-G-1
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5.2,4.1 DATA LOGGER

The Gilmore Model 179 data logger is a medium speed instrumentation
system which prints out in decimal notation 100 channels of strain
gage (microinch per inch at +0.5% full scale), thermocouple (degrees
Fahrerheit at +1% full scale), and millivolt data (millivolts at +0.5%
full scale). This system may be used with full or partial strain gage
bridge circuits, any of three types of thermocouples or with any D.C.
millivolt input of suitable amplitude. In addition, an automatic alarm
function is provided which accepts a preset value of calculated strain
for each channel and compares this value for each increment of load
on the test specimen. Both a visual and printed alarm signal is pro-
vided if the measured strain exceeds the preset strain for a particular
load condition. The range of the instrument is +10,000 microinches per
inch, 0° to 3000°F, or +100 millivolts. -

5.2.4.2 X-Y PLOTTER

The Moseley Autograph, Model 24, is a two-axis, flat-bed, graphic
millivolt recorder, uwtilizing standard 11" x 163" graph paper and
recording ink, The two axes correspond to the pen and the carriage.
The basic voltage range is 0 to 5 millivolts for the Y axis and 0 to
7.5 millivolts for the X axis for full scale travel. The position of
the balance circuit potentioreter and the pen and carriage, to which
they are coupled, are always directly proportional to the amplitudes
of the D.C. signal at the respective input terminals.

5.3 TEST PROCEDURES

5.3.1 METHOD OF TESTING

Prior to the running of each specimen a probable failing load for
that particular specimen was computed, based on past time~temperature
history, temperature at which the test was to be run, and material
properiic: of the specimen as they were knowm to be at the time. From
the predicted failing load a series of loading increments was decided
upon which would give several data points in the elastic range and
many points in the plastic range in order io obtain the desired in-
formation to use in the mathematical analysis.

A conventional procedure was used for the ambient temperature
specimens. Zero strain gage, extensometer and deflection readings were
taken before load was applied, a loading increnent was applied and
maintained, the instrumentaztion readings were taken, the next loading

increrient applied and the process repeated until failure of the specimen
occurred,

H-13-G-)
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For specimens tested under a constant temperature, a full set of
instrumentation readings were taken at ambient temperature and then
the banks of lamps were turned on. When the proper cover temperature
had been reached and the temperature gradient across the specimen
had been stabilized, another set of readings was taken and the remainder
of the test conducted in the same manner as the ambient tests,

For specimens to be thermal cycled, a load was applied to the
specimen which was well into the plastic range of the bending beam,
Ambient temperature data was taken to insure that the plastic range had
been reached. The load was then held constant while heat was applied
to the specimen. When the temperature gradlent across the specimen had
stabilized, a set of extensometer readings was taken and the heat
turned off. After the specimen temperature had reached about 120°F,
the heat was reapplied and the procedure repeated until failure occurred
or no more yleld was indicated by the data,

5.3.2 SHORT COLUMNS

A total of six short colurns was tested in the Baldwin-Southwark
Universal testing machine, Each specimen had its ends milled flat and
parallel and mounted between the compression heads of the testing machine
with no extra lozding plate either top or wottom. This permitted the
measurenent of hezd to head movement of the machine for use as deflection
data for the short colwms.

Strain gages and/or extensometers were read using portable strain
indicators with a miltiplexing switch. At each increment of applied
load, strains were recorded manually and thermocouple data was recorded
with a Gilmore Model 179 data logger. At the same time, a continuous
load-deflection curve was being recorded on the X-Y plotter. Strain
gage and extensometer data are shown in Figures A.3.9 through A.3.14,

5.3.3 LONG COLUMIS

A total of six long columns was tested in the Baldwin-Southwark
Universal testing machine. Each specimen had a spherical ball fixture
in each end which in turn rested on matching plates in the test machine.
These fixtures and plates had two side effects on the testing. First,
the spherical ball did not provide a completely pinned end condition
for the column since the spherical ball had to slide relative to its
matehing plate rather than rotating freely as it wovld on a flat plate.
This provided some small end fixity which was not desirable.

Second, the spherical ball and plate deflected a small amount under
load vhich gave an indication of excessive colwm deflection, since the
deflection was measurcd between the heads of the testing machine. Vhen
the deflection of the ball and plate.at each end of the colwmn was

He16-C- 1
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calculated and deducted from the deflection between the heads of the
test machine, very good agreement between calculated and measured
column deflection was obtained.

Strain gages and/or extensometers were read using portable strain
indicators with a multiplexing switch. At each increment of load,
strains were recorded manuvally and thermocouple data was recorded with
a Gilmore Model 179 data logger. At the same time, a continuous load-
deflection curve was being recorded on the X-Y plotter. Strain gage
and extensometer data are shown in Figures A.3.15 through A,3.,19, A
typical test setup is shown in Figure B.4.

5.3.4 BENDING BEAMS

A total of sixteen bending beams was tested in this progranm,
Eight specimens were held at a constant terperature and loaded to fajlure,
and the remaining eight were held at a constant load and the temperature
cycled until the specimen either failed or reached elastic shakedown.

The load was applied at the third points of the beams by means
of steel plates and linkage which in turn were loaded by means of hy-
draulic struts. The load was monitored by means of a strain gaged
calibrated load link placed between the hydraulic struts and the steel
linkage. The correct load was obtained by presetliing the corrcct value
on the portable strain indicator and applying hydrawlic pressure to the
struts until the nmull indicator was zeroed. During the thermal cycling
testing it was necessary to watch the null indicator closely in order
to hold the applied load constant, since the change in specimen tempera-
ture produced sizable load changes unless hydraulic fluid was added
or removed from the struts.

Strain gages and/or extensometers were read using portable strain
indicators with a multiplexing switch. At each increment of applied
load, strains were recorded manually and thermocouple dataz was re-
corded with & Gilmore Model 179 data logger. Strain gage and exten-
soneter data are shovm in Fipures A.3.1 through A.3.1 for the constant
temperature specimens, and tabulated in Tables A.2.1 through A.2.8 for
the thermal cycling specimens,

5.3.5 TEVPFRATURE COITROL

Temperature control for this test was accomplished through utiliza-
tion of Research, Inc. ignitrcen pover temperature controllers and General
Electric 1000 T3 quartz infrared lamp banks (see Figures B.l and B.8).

Accurate temperature control of the Research, Inc. units is
achieved by use of precision potentiometric circvitry wherein a feedback
fron a specimen chromel-alumel thermocouple output is compared against
a signal representing desired specimen termperature. The resulting error
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signal is amplified and used to control the output of

an ighitron power regulatcr,, The ignitron power

regulator controls the voltage impressed on infrared quartz lamp banks
directed on specific specimen areas, Specimen temperature is thus
brought to match the desired pre-established termperature set point.
value., The ignitron power regulator responds to control signals within
one cycle of power line frequency (60 cps)..

Circuit features of the Research, Inc. unlts also include con-
tinuous standard cell calibration, automatic thermocouple reference
junction compensation, proportional band adjustment and limiter (rate)
control which indirectly controls the time required to reach the desired
set point temperature.

Each specimen had a control thermocouple located on the center of
each cover (numbers and on Figure 5.8). These control thermo-
couples controlled each bank lamps independently such that any change
in temperature on one cover did not affect the bank of lamps heating the
opposite cover.

5.4 TENSILE COUPOHS

A total of twenty five tensile coupons was tested during this pro-
gram, The primary purposc of these coupon tests was to provide material
properiies information for use in the mathematical analysis of test
specimens.,

5.4.1 DESCRI°TION OF COUPONS

The coupons were cut from the six sheets of 7075 alurinum from
which all test specimens were fabricated. The sheets were laid out,
each part identified, and the entire cheet photographed., The coupons
were salected such that each sheet had coupons made from widely
scatterad spots. The identification of each coupon was stamped on
its large end to preclude loss and mix-ups,

5.4.2 TEST PROGRA{

Coupons were machined to shape and divided into groups so that each
group was subjected to a time-temperature history identical to that
given the test beams and columns. Any beam or colwm tested had
coupons made from the same shects of material and subjectad to an
identical time temperature history so that the coupon test results could
be used to predict yleld and failing loads for the beam and colurm
test specimens,
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5,4,3 TEST SETUP

Coupons were machined to a constant .500 width for a length of 2.25
inches., The extensometer was fastened to the center one inch of this
constant section, and the entire assembly placed in the Baldwin-South-
wark Universal testing machine. Using the extensometer to drive one
axis and a strain gaged calibrated load link to drive the other axis,

a continuous curve was drawn by the X-Y plotter for each coupon tested.

Some tests were conducted at elevated temperature on the coupons,
and for this purposs a small, four-sided oven was placed around the
coupon and the heat provided by quartz lamps. A thermocouple located
at the center of the coupon regulated the temperature of the coupon.
The X~Y plotter was used to plot load strain curves for these coupons,
also.

A11 coupon data is presented in Section A.l.
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6,0 ANALYTICAL REPRESENTATION OF CROSS-SECTION

For the strain analysis procedures of Sec. 3.0 to define the load-
deformation curves described in Secs 4.0, the cross-section to be investi-
gated must be defined by a finite number of structural elements. Specific
information regarding each of these structural elements as to geometry,
temperature, material properties and local buckling is required to perform
the strain analysis. The geometry data includes the cross-sectional area
of the element and coordinates x and y of the element centroid from orthog-
onal references axes X and Yo The temperature data includes the element
temperature to define material properties and the temperature change from
datum to define the thermal strains (and stresses) at any temperature step
in the temperature-load sequences ‘ :

The material properties are more complex and may depend upon the
temperature-time history of each element in the cross-section. The co-
efficient of thermal expansion is readily obtained from Ref, (a) for the
commonly used alrcraft materialse The use of the Ramberg-Osgood equation
to define the stress-strain relationship of each element in the cross-
section requires three paramesters for description, These are the elastic
modulus (E), the tension or compression yield stress (Fyy or Fcy) at 0.7E,
and the shape factor ms For normal design use, this data should be taken
from Ref. (d) or may be obtained from tension and/or compression test
coupon stress-strain curves, In addition, the ultimate tension stress
(Fgy) is used as a stress cut-off on tension stress-strain curves and the
compression yield stress cut-off is used on compression elementse In
many cases the only yield stress available may be the 0,002 in./in. off-
set yield, The 0,7E yield stress for the Ramberg-Osgood equation may be
obtained by

F))

004677 —E. m-1
(Fy)o.002

where (Fy) .7t 15 the 0,7E yleld stress to define the Ramberg-Osgood equa-
tion and (9y3§,002 is the appropriate value of 0,002 in./in. offset yield
stress from Ref, (d).

For local instability produced by compression buckling, the plate ele-
ment width b and thickness t and the buckling coefficient K are required
to define the critical compression buckling strain as shovn in Secs 3.5.
However, strain forms of other buckling equations for curved sheet, inter-
rivet buckling, etcs., may be used.

For an analytical representation of the specimen cross-sections the
following sections show the crossesection element breakdovm, element areas,
centroidal distances from the reference axis, buckling coefficients as
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defined in Sec. 8,1 by strain gage data, element temperature data obtained
by thermocouples during the tests, and applicable temperature exposure
histories which would affect the material properties data of Sec, 7.0. The
buckling coefficients, temperature distribution, and temperature exposure
history were taken from test data to establish compatibility between the
test and analysis conditions,.

Note that the temperature exposure history curves of Fig.6,6 also in-
clude the temperature-time curve for the tensile coupons.

6,1 ELEMENT GEOMETRY AND BUCKLING DATA

The following diagrams and tables summarize the geometry and buckling
data for the varicus types of test specimenss The element areas shown in
the tables are based on nominal dimensions. For buckling modes other than
the flat plate buckling, the following equations were used. For the at-
tached edges of the cover plates, experience has shown the assumption of
inter-rivet buckling to work quite well, in which case

ec, = K(-E.)z, Reference ( 1 )

where s is the distance between fasteners and K = 3,62, as shown in the tables.
" For outstanding legs of the channel sections Eq. (®S5.1) is uscd with X = 0.385
for one side free, one side and ends simply supported. The radius sections

of the channels were considered as curved plates where

ec,. = 0.3 (%), Reference ( 1 )

with R the mean radius of curvature. Flat sections of the channel webs were
treated as flat plates in compression using Eq. (3.5.1) with X = 3,62 for
simply supported sides and ends.

For bending specimens B-1, B-17, B-3, B-h, B-5, B-6, B-7, and B-8 and
thermal cycling specimens B-13, B-1], B-1§ B-12 B-10, B-15, B-9, and B-14 the
geometry and buckling data are shown in Figures 6.1 and 6.2,

Q_0 O

\N
FIGURE 6.1 (1O

CROSS-SECTION ELEMENT EREAXKDCOWHN
BENDING AND CRIPPLING SFPECIMENS
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ELEMENT | AREA, Iny, on, tn, | Ker, BUCKLING
NO. A, in.2 | inches | inches | inches MODE
1 0,625 19375 5 10,225 | L.325 | Flat Plate
2 0,0825 (2)] 1.9375 8=1,25 0.12% 3.62 Inter-Rivet
3 0.1,03 (2)] 1.782 0.75 | 0.187 | 0.385 Flat Plate
L 0.193 (2)| 1.5875 | R=0,655 | 0.187 | 0.3 Curved Plate
5 0.1402 (2)| 0.75 2.25% | 0.187 | 3.62 Flat Plate
6 0.1402 (2)1 o0 2,25% | 0,187 3.62 Flat Plate
7 0.1402 (2){-0.75 2.25% | 0,187 3.62 Flat Plate
8 0.193 (2)]-1.5875 | R=0.655 | 0.187 0.3 Curved Plate
9 0.1403 (2)|-1.782 0.75 | 0.187 | 0.385 Flat Plate
10 0.0625 (2)]-1.9375 | s=1,25 |o0.125 3.62 Inter-Rivet
11 0.625 -1.9375 5 0.125 | L.325 Flat Plate

#Total flat plate width used to define ecp for elements 5, 6 and 7.

FIGURE 6.2 _
SUMJARY TABLE - BENDING SPECIMEN GECMETRY AND BUCKLING DATA

The value of Ken = .325 in Fig.6.2 for elements 1 and 11 was defined
by test data as shown in Section 8.1.1.

For crippling specimens A-1, A-2, A-3, A-l, A-5, and A-6, the geometry
and buckling data are shown in Figures 6.1 and 6.3.

ELEMENT | AREA oy, bn, tn Kerp BUCKLING
NO. Ap, in.2 inches inches inches MODE
1 0.625 1.9375 5 0.125 | 4.985 Flat Plate
2 0.0625 (2)| 1.9375 | s=1.25 | 0.125 | 3.62 Inter Rivet
3 0.1403 (2)] 1.782 0.75 0.187 0.385 Flat Plate
h 0.193 (2)| 1.5875 | R=0.655 | 0.187 0.3 Curved Plate
[ 0.1402 (2)] 0.75 2.25% | 0,187 | 3.62 Flat Plate
6 0.1402 (2)| o© 2.25% | 0.187 3.62 Flat Plate
7 0.1,02 (2){-0.75 2.25% | 0,187 | 3.72 Flat Plate
8 0.193 (2)}-1.5875 | R=0.655 | 0.187 | 0.3 Curved Plate
9 0.1403 (2)}-1.782 0.75 | 0.187 | 0.385 Flat Plate
10 0,0%25 (2)]-1.9375 s=1,25 0.125 3.62 Inter-Rivet
11 0.625 ~1.937% s 0.125 L;.985 Flat Plate

# Total flat plate widih used to define egy for clements 5, 6 and T.

FIGURE 6,3
SUIZARY TABLE - CRIPPLING SPECINFII GECHETRY AMND BUCKLING DATA
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The value of Kep = 4.985 in Fig.6.3 for elements 1 and 1) was de-
fined by test data as shown in Section 8.1,2.

For column specimens C-1, C-2, C-3, C-L, C-5 and C-6 the geometry and
buckling data are shown in Figures 6.4 and 6.5,

FIGURE 6.4

CROSS~SECTICN ELEMENT BREAKDCWN
LONG COLUMN SPECIMZNS

ELEMENT | AREA Ing, | by, Yy, | Kep BUCKLING

NO. | Ap, in.2 inches | inches | inches n MODE

1 0.3905 0.875 3.125 | 0.125 | L.325 Flat Plate
2 0.0547 (2) '0.875 | s=1.125 | 0.125 | 3.62 Inter-Rivet
3 0.0822 (2) 0.750 0.657 | 0.125 |0.385 Flat Plate
N 0.08 (2) | 0.6295 |R=0.405 |0.125 0.3 Curved Plate
[ 0.0861 (2) 0 | 0.689 |0.125 |3.62 Flat Plate
6 0.08 (2) |-0.6295 |R=0.405 |0.125 |0.3 Curved Plate
7 0.0822 (2) [-0.750 0.657 |0.125 |0.385 Flat Plate
8 0.0547 (2) |-0.875 |s=1.125 |0.125 |3.62 Inter-Rivet
9 0.3905 -0.875 3.125 [0.125 |L.325 Flat Plate

FIGURE 6.5

SUMMARY TABLE - LONG COLUMN SPECIMEN GEOMETRY AND BUCKLING DATA

The value of Koy, = L.325 in Fig.6.5 for elements 1 and 9 is defined
as shown in Section §?1.3. For the critical column buckling strain defined
by the Euler equation refer to the discussion of end restraint conditions
in Section 8.2.2.

6.2 TEMPERATURE DATA

The temperature data shoin in this section is composed of three
distinct parts required to define the therral strains in Eq. (3.1.2)

e ES -
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the materlal properties of Section 7.0. For all static load-temperature
test specimens using elevated temperature strain gages, the temperature
exposure histories are shown since the recovery of 7075-T6 material proper-
ties 18 severely affected by the time at temperature necessary for curing
the strain gage cement. Temperature exposure history diagrams are shown
for the duration of the tests for those specimens with maximum test tempera-
tures over 2500F, The temperature-time histories shown in these diagrams
are significant in that they affect the recovery of material properties,
The steady-state temperature distributions through the cross-section are
shown where these diagrams define the particular element temperatures for
calculating the thermal strains in Eq.(3.1.2) and for selecting the final
values of Fy, F,, E and m for the Ramberg-0Osgood representation of the
element stress~strain curve. The selection of material properties data
for all test specimens is described fully in Section 7.0.

6.2.1 STRAIN GAGE CURING TEMPERATURE EXPOSURE HISTORY

Since the instrumentation on many of the test specimens included bonded
foil-type elevated temperature strain gages, the entire specimen was soaked
in a convection type furnace (Ref. Section 5.0) to cure the strain gage
cement. Theoretically, the temperature-time soaking history should be two
hours at 350°F. and one-half hour at LSOOF, Thermocouples at the middle
of the cover plates indicated the temperature exposure historiss for the
elevated temperature bending and crippling specimens to be as shown in
Figure 6,6, The temperature exposure histories shown in Figure 6.6 are par-
ticularly important for the definition of element material properties in
Section 7.0 for several reasons. First, the tensile coupon data did not
accurately define the material properties of the box specimens due to the
critical nature of the variation in temperature exposure histories as shown
in the curves of Figure 6.6, Second, the material properties for 7075-Té
aluminum alloy were found to be extremely sensitive to the exact time at
the maximum soaking temperature., In addition, this history constitutes
the first increment of the entire temperature-time scaking history above
the aging temperature of the material., For these test specimens, the ini-
tial soaking time at temperatures 3> LOOOF, was found to be most eritical
for defining material properties after exposure to elevated temperatures
for various times., ’

No temperature exposure history is showm for the elevated temperature

long column specimens or the thermal cycling specimens, since no elevated
temperature strain gages were used and no bond curing was required.

6.2,2 TEST TEMPERATURE EXPOSURE HISTORY

The figures in this section summarize the test temperature exposure
histories for those test gpecimens having test temperatures 2> 2509F. (aging
temperature of 7075-T6). For those specimens with maximum test temperatures
of 2500F, the effect of the short time at 2500F. was neglizible. The effect
of these temperature exposure histories on the material properties is sig-
nificant due to the high temperatures involved, the cumulative effect of
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these histories with those of Section 6.2.1, and the variation in total
test time required for each individusl specimen, Figure 6,7 shows the
temperature~time curves for bvending specimens B-3, B-6, and B-7 for the
cover plate (or plates) at 450°F, during the test, This temperature was
recorded at the middle of the heated cover plsates,

Figure 6.8 gives the total test iemperature exposure history for
erippling specimen A-3 and shows the temperature at the middle end at the
cooler edges of the cover plates. This diagrem applies to both heated
cover plates since the temperature gradient was symmetrical. Note that
two peak temperature (425°F,) areas occur. The first attempt to perform
the test showed some necessary modifications to the test set up end the
lamps were shut off to effect the modification, The second attempt at
t = 29 minutes was successful, and the duration of the test was approxi-
mately 20 minutes. The total diagram is important, however, in that the
cunulative time st temperature affects the material properties recovery,
as shown in Section 7.0, Figure 649 shows the temperature-time diegram
for specimen A-6, Equipment difficulties again necessitated a shutdown,
and the total temperature~time diagram is very similar to that for specci-
men A-3, As with specimen A-3, the total time at temperature is important
to define the recovery of material properties,

Figure 6,10 shows thetest temperature exposure history for long column
specirens C-5 and C-6, Lamp circuit difficulties were encountered with
C-5 at about 340°F. necessitating e temporcry shutdown of the test. For
the long column specimens, Figure 6.10 corstitutes the entire temperature
exposure history, since no elevated temperature strain gages werc used and
no bond curing was required.

Figure 6.11 shows the test temperature exposure histories for all thermsal
cycling specimens except those tested in the 250°F. environment. Specimen
B-16 had a longer history than the other specimens since temperature
cycling was performed at several fixed bending moments on this specimen,

This practice was discontinued on later specimens since data evaluation
becomes unnecessarily difficult. Note in Figure 6,11 that the temperature
exposure histories for specimens B-10, B-15, B-9, and B-14 were jdentical,
These four specimens represented the 450°F. unsymmetrical temperature gradient
tests, and since the time at temperature was relatively easy to control it
was decided to eliminate that variable from the problem. With only a

limited amount of test data available from the four specimens, more efficient
use could be made of the combined strain data by eliminating the time
variable, The time-temperature curves in Figure 6,11 constitute the entire
temperature exposure history for the thermel cycling specimens since no
elevated temperature strain gages were used and no bond curing was neces=-

sary.

6.2.3 CROSS-SECTION TEMPERATURE DISTRIBUTIONS

The steady state crosc-scction temperature distributions for clevated
temperature bending specimens B-3 through B-8 are shown in Figure 6.12,
The individual data points are from thermocouples located es shown in
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Figure 5.8, The maximum temperatures of 250°F, and 450°F, are not shown,
since these were control thermocouples at the middle of the cover plates.
The curves of Figure 6,12 are used in conjunction with those of Figures 6.6
and 6.7 to define the element material properties of Section 7.0, and also
provide the date for the determination of the thermsl strains in Equation
(3.1.2), The two curves for each specimen represent the distribution on
each side of the box beam., For purposes of analysis, the average value

is used for both material properties evaluation end for calculating the
thermal strains, For the analysis this assumes temperature and material
property symmetry about the Y-axis.

The steady state cross-section temperature distributions for crippling
specimens A-3 through A-6 are shown in Figure 6.13. Thermocouples on
these specimens are located identically to those on the bending specimens
as shown in Figure 5.8. The maximum cover plate temperatures of 250°F.
and 450°F, are not shown in Figure 6,13 since these were the control thermo-
couple temperatures. Figureb.13is used in conjunction with Figures 6.6, 6.8
and 6.9 to define the element material properties of Section 7.0 and pro-
vide temperature data for Equation (3,1.2), The assumption of tempergture
and material property symmetry about the Y-axis is maintaeined for purposes
of analysis by using the average temperature between the two sides of the
specimen,

Steady state temperature distributions for long column specimens C-3 thru C
are shown in Figure 6,14, Thermocouples were located as shown in Figure 5,8
with the control thermocouples located in the middle of the cover plates
to record the masximum temperature of 250°F. or hsofF. and control the
heat input, Figure ¢l is used in conjunction with Figure 6410 to define
the element material properties of Section 7.0 and provide temperature
data for Equation (3¢1.2). As with the bending and crippling specimens,
symmetry about the Y-axis is maintained by using the average temperature
between the two sides of the specimen.,

The steady state cross-section temperature distributions for all
thermal cycling specimens are shown in Figures 6,15 and 6.16. Thermocouples
vere located as for the bending specimens shown in Figure 5.8 with the
250°F. or 450°F, control thermocouples located in the middle of the cover
plates, These figures are used in conJunction with Figure 6.11 to define
the element material properties shown in Section 7.0 and to provide
temperature data for Equation (3.1.2), As with the bending specimens,
symmetry sbout the Y-axis is assumed for calculation purposes by using
the average temperature between the two sides of the specimen,
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Figure

Tensile Coupons

Crippling Specimens A-3 through A-6
Bending Specimens B-3 through B-8

6.6

Strain Gage Curing Temperature Exposure Histories
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FIGURE 6.7
TEST TEMPERATURE EXPOSURE HISTORY
BENDING SPECIMENS B-3, B-6, and B-T7
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Figure 608 )
Test Temperature kxposure History
Crippling Specimen A-3
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Figure 6010
Test Temperature Exposure History
Long Column Specimens C~5 and C-6
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FIGURE 6,11 &
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Figure 6.12
Cross-Section Temperuture Distribution éSteady State)
Bending Specimens (Reference Fig. 5.8) :
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Figure 6,13
Cross-Section Temperature Distribution (Steady State)
Crippling Specimens (Reference Fig. 5.8)
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FIGURE 6.1k
CROSS-SECTION TEMPERATURE DISTRIBUTION (STEADY STATE)
LONG COLUMN SPECIMENS (REFERENCE FIG. 5.8)
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Figure 6,15

Cross-Section Temperature Distribution (Steady State)
Thermal Cycling Specimens (Reference Fig, 5.8)
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Figure 6,16
Cross=-Section Temperature Distribution (Steady State)
Thermal Cycling Specimens (Reference Fig. 5.8)
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7.0 MATERIAL PROPERTIES

No methods or procedures for defining the ultimate
strength or a given amount of permanent set for a par-
ticular structure can be any better than the basic material
properties used as imput date. Since a comparison of
analytical and experimentel load-deformation curves was
of particular importance in this study, conslderable
attenticn was given to the definition of the basic proper-
ties used to establish the proper Ramberg-Osgood stress=
strain curve for each element in the cross-section. The
use of T075-T6 aluminum alloy at temperatures above the
aging temperature, and complex temperature exposure
histories due to strain gage curing end varying times at
the higher test temperatures considerably complicate the
problem of defining the structural element material
properties. Prior to the consideration of any elevated
temperature properties it was necessary to define the
basic room temperature properties reasonably accurately.
Ordinarily this would not be necessary in the design
problem since the use of either 90 percent probability or
minimum guaranteed values from Ref, (d ) ensures some
conservatism in the design. However, for this study any
comparison of analytical and experimental date could not
be made if a common material properties basis were not
used. The definition of the yield stress is particularly
important since this value is most critical in the Ramberg-
Osgood equation. The exact value of the ultimate stress
is somewhat less important, particularly for structures
which tend to fail by local instability. The evuluation
of elevated temperature properties must include the effects
of previous temperature exposure, especially when the
previous temperatures may have exceeded the aging tempera-
ture.

The following sections describe the procedures used
to define the material properties for all test specimens,
The temperature exposure histories and the structural
temperature distributions are shown in the figures in
Sec, 6.0, Summary tables of applicable element material
properties ere given for each ¢f the elevated temperature
test specimens.

Appendix A includes all curves for the tensile and
compression coupons,

H-10-G- !
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7.1 TENSION AND COMPRESSION COUPON DATA

In order to establish compatibility between the test specimens and
the theoretical analysis, a separate coupon test program was initiated
to determine the basic material properties of the specific aluminum
alloy sheets used for specimen fabrication and to determine room and
elevated temperature properties after exposure to an elevated temperature
environment. Essentially the limited coupon program served three specific
functions:

(a) The basic room temperature material properties were defined for
0.125 inch and 0,187 inch 7075-T6 bare sheet and 0.125 inch clad
sheet.

(b) The recovery of material properties for the three thickness-
material combinations was defined for a specific elevated tem-
perature exposure history (theoretically, 2 hours at 350° and
1/2 hour at L50°F.).

(c) Compression coupons were taken from two tensile coupons and
one box crippling specimen to verify the assumption that com-~
pression yleld recovery was similar to tension yleld recovery
and to investigate the variation of properties with a variation
in elevated temperature soaking time between the box specimens
and test coupons.

The tensile coupon material properties data summary table is shown in
Figure 7,1 where the yield stress is the conventional value defined by

_the 0,002 in./in. offset. The tensile coupon Ramberg-Osgood summary
table is shown in Figure 7,2 where the three parameters for defining the
analytical representation of the stress-strain curve are shown for each
coupon. Figure 7.3 shows the material properties data and the Ramberg-
Osgood data for the compression coupons. The individual tensile and
compression coupon stress-strain curves as measured during the tests are
shown in Figures Aelel through AelelO lAppendix A. Using these curves, the
modulus of elasticity, the yield stress for Fgee = 0.7E, and the stress-
strain curve shape factor were defined. The shape factor m was deter-
mined using two points on the stress~strain curve as described in Refer-
ence (£ ). Note that the maximum value shown for m (tension) or m (com-
pression) is LO. This is the maximum value that can be handled by the
Ramberg-0sgood stress-sirain subroutine of the IEM 709 digital computer
progran used in this study. The errors introduced by this simplification
are very small since the stress-strain curve with m = ;O has a very
sharp knee in the yield regzion and considerably higher values of m produce
only slight changes in ithe shape of the curve. The actual calculated
values of m are shovm for purposes of comparison. The difference in the
shape factor m for tension and compression was considered by comparing
the typical tension and compression otress-otrain curves of Figure 3.2.7.1.6(a)
of Reference ( 4 ).

The individual data points for the tensile and compression coupons are
plotted in Figuves Tk and 7.5 for the 0,002 in./in. offsct yield stress and
tensile ultirmate, respectively. This coupon data is vsed in conjunction
with the curves of Fipures 7.1, ad 708 to defn’ne test specinen elerent,
material properties.
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Although the anticipated temperature-time history for the material
recovery tensile coupons was 2 hours at 350°F. and 1/2 hour at L50°F.,
the actual temperature-time history as measured in the furnace was as
shovm in Figure 646, This temperature exposure history was used to
calculate the Larson-Miller Parameters for the tensile coupons as shown
in Section 7.2.2.

Detalls of the tensile and compression coupons and the methods of
testing are described in Section 5.L.

£ Aol
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7.2 COMPLEX TEMPERATURE EXPOSURE

The static tests and data evaluation of aluminum
alloy structures may be affected considerably by previous
temperature exposure histories whether the tests are
performed at elevated temperature or are simulated at
room temperature, In either case it is necessary to
know the net materiasl properties if permanent set,
yield, and ultimate test data are to be interpreted
correctly. These tempcrature exposure histories may
be produced by several factors depending upon whether
the test is performed at elevated temperature or is
simulated at room temperature, First, if the elevated
temperature test is to be performed, the use of elevated
temperature strain gages requires curing at high tem-
peratures for specific times, These temperatures, may,
in some cases, be beyond the aging tempersture of the
material and produce permenent losses of material
properties which must be accounted for. Second, the
flight mission temperature~time histories must be
allowed for either by simulation or by actually heating
and cooling the structurc for variqus periods of time,
Finally, the actual test temperature-time history and
structural temperature distribution add to the compiexity
of the temperature exposure history. The problems are
much more pronounced with aluminum alloy and are highly
dependent on the actual temperatures involved in each
of the aforementioned factors.

The simulated elevated temperature test at room
temperature precludes the use of high temperature
curing for elevated temperature strain gages and elimi-
nates this factor from consideration. However, the
flight mission temperature-time history and the critical
design condition structural temperature distribution
must be included in the calculated elevated temperature
load-deformation curve for each crosse-section. The
effects of these various temperature exposure hictories
are additive and some realistic accumulation procedure
must be used to obtain a final net allowable stress for
each element in the cross-section.

Since the material properties data in Ref. ( 4 )
is incomplete from a recovery standpoint the procedures
of Ref, ( e ) were investigated and appear to work
quite well.

H-18-G-1
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7.2.1 ACCUMUIATICN PROCELURY FOR COMPLEX TEMPERATURE HISTORIES

The use of a time-temperature exposure parameter such as the Larson-
Miller Parameter where

LM, = T(C + 1°g t)

to define the strength of aluminum alloys at any temperature after exposure
to a given time-temperature environment has been successfully demonstrated
by Reference ( e ). The specific thermal exposure curves for 7075-T6
aluminum alloy (Figures 1 and 6 of Reference ( e ) are replotted in Figures
Tely and 7e5 of this report showing the correlation between North American
Aviation, Inc. tensile and compressive coupon data and the curves from
Reference ( e ) where the specific Larson-Miller Parameter is

L.M. = T(16.5 + log t)

Refer to Reference ( e ) for the determination cf the material constant
for 7075-T6 aluminum alloy, C = 16.,5. Considering the normal scatier of
elevated temperature coupon data when complex temperature histories are
involved, the ccrrelation was considered sufficiently accurate to allow
the use of Figures 7.4 and 7.5 for defining the element material proper-
ties of the bending, crippling, and long column specimens of this program.

Since the test specimens had a wide variety of temperature exposure
histories which included various combinations of strain gage curing and
test temperature histories, an accumulation procedure is required to ac-
curately define the final value of the Larson-Miller Parameter for each
structural element in the test specimen cross-scction. Reference ( e )
essentially indicates two distinctly different processes which may be
used to determine design strength after exposure to a complex thermal en-
vironment. The conversiocn process of Section 3.3 of Reference (e ) and
the use of a reference temperature, Tpor,, as outlined in Section 4.1 of
Reference ( e ) may be sufficiently accurate for many cases, but may have
some limitations, depending upon the particular time temperature history,
Previous studies by North American Aviation, Inc. (Columbus Divisicn)
have indicated that the net recovery of material properties is not only
a function of time and temperature accumulation, but is very probably a
function of ihe order in which the time-temperature increments are applied,
The summation of equivalsnt times at some reference temperature does not
allow for the order of the time-temperature increments. The studizss per-
formed by the Columbus Division of North American Aviation, Inc. have shown
that by reversing the order of two specific time-temperature increments,
it is possible to obtain two distinctly different valuss of the material
property recovery factor. Reference ( e ) has made a valuable contribu-
tion to the solution of the material property recovery problem in the use
of the Larson-Miller Paramater. However, it is believed that insufficient
evidence is available to establish the use of equivalent time at some
reference temperature for complex exposure histories. Therafore, the pro-
cedures of Reference (e ) were slightly modified to account for the order
of time-temperature incrementis in defining the material properties for
analysis of the lest specimens,
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The accumulation procedure used is essentially that described in
Section 3.3 of Reference ( e ) where the first increment time and tempera-
ture are converted to an equlvilent time at the temperature of the second
increment, The time at the second increment temperature is added to the
equivalent time from the first increment to obtain a net equivalent time
at the second increment temperature. This net equivalent time is converted
to a new equivalent time at the temperature of the third time-temperature
increment and the actual time at the third increment temperature is added
to obtain the total equivalent time at the third increment temperature,
This procedure is continued for as many finite time-temperature increments
as necessary to define the time-temperature exposure of any structural
element. The significance of this extension of the procedures of Section
3.3 of Reference ( € ) lies in the fact that the time-temperature jincre-
ments are considered in the order in which they actually occur. The con-
version to an equivalent time in each case is performed as described in
Reference ( e ), using Figure T.4 or 7.5 (Figure 1 or 6 of Reference (e)).
The net result of this accumulation procedure is an equivalent time at the
final (or test) temperature whereby the net Larson-Miller Parameter is
readily calculated using this time and temperature.

The calculations to determine the Larson-Miller Parameters for the

structural elements of the test specimens and the tensile coupons are shown
in Section 7.2.2.
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7.2.2 DETERMINATION OF LARSON-MILLER PARAMETERS

For bending specimens B-3 through B-8 the strain gage curing
temperature exposure history shown in Fig. 6.6 1s divided into
the following temperature-time increments.

22 min. @ 325°F.
108 min. @ 370°F.
6.5 min. @ L00°F,

13.5 min. @ 450°F,

18 min. @ 475°F,

0.367 hr. € 325°F.
1.8 nrs. @ 370°F.
0.109 hr. @ LOO°F,
0.225 hr. @ Lso°F.
0.3 hr. @ W750F.

Using the above date the accumulation of time at temperature
is defined by the methods of Ref. ( e ) and See. 7.2.1 to
detgrmine the equivalent time at the final tempereture of
475°F,

0.367 hr. @ 325°F.

L}

.O47 hr. @ 370°F.
1.800 hr. @ 370°F.

1.847 hr. @ 370°F, =

.062 hr. @ L0O0°F,

.109 hr. @ %00°F.

.171 hr. @ 4OOCF, =
.023 hr. @ L50°F,
.225 hr. @ 450°F.
.248 hr. @ 450°F.

.Ok0 nhr., @ L75°F.
.300 hr. @ L75°F,

Equivalent time at final temperature = .340 hr. @ L7SOF.

The Larson-Miller Parameter for 0.340 hr. @ 475°F. is obtained
from Fig.Th or 7.5, or calculated by L.M. = T(16.5 + log t) =
935 (16.5 + log 0.340) = 15000, This value of the Larson-
Miller Parameter is used for all structural elements in
bending specimens B-3 through B-8 which are unaffected by
subsequent elevated temperature exposure during the test.
Specimens B-L, B-5, and B-8 are entirely unaffected by the
test temperature exposure since the maximum temperature

at the middle of the cover plates is 250°F.

For those test specimens exposed to hSOOF. during the per-
formance of the test the additional temperature-time accumulation
for the hSOoF. elements and the associated Larson-Miller
Paremeters are calculated as follows.

Specimen No. B-3

The total temperature-time exposure history beginning with
the net accrued strain gage curing exposure history is:
0.340 hr. @ W75°F.; 0.072 hr. @ 350°F.; 0.232 hr. € 4500F,

H-18-G-1
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vhere the last two increments are from Fig. 6.7. The second
temperature-time interval of 0.072 hr. @ 3500F. is negligible
and is not included in the accumulation calculations.

From Sec. T.2.1,

0.340 hr. @ 4759F. = 0.950 hr. @ 45S0°F.
0.232 hr. @ L50°F.

Equivalent time at final temperature= 1.182 hr. @ L50°F,

Equivalent time at finsl temperature

The Lerson-Miller Parameter for the 450CF. elements of B-3
is found from Fig.T.4 or 7.5, or calculated to be
L.M. = 910 (16.5 + log 1.1825 = 15100

The Larson-Miller Paremeter for 211 other elements in the
cross-section must then be between the values of 15000 end 15100.

Specimen No. B-6

The total temperature-time exposure history beginning with
the net accrued strain gage curing exposure history is:
0.340 hr. @ 475°F.; 0.037 hr. @ 350°F.; 0.273 hr. @ 450°F.
where the last two increments are from Fig. 6,7. The second
temperature-time interval of 0.037 hr. @ 350°F. is not
included in the accumulation calculations. From Sec. 7.2.1,

0.340 hr. @ 475°F. = 0.950 hr. @ L50°F.
0.273 hr. @ L50°F.

1.223 hr. @ 450°F.

The Larson-Miller Persmeter for the 4500F. elements of B-6 is
found from Fig. Tlor 7.5, or calculated to be
L.M. = 910(16.5 + log 1.223) = 15120

The Larson-Miller Parameters for all other elements in the
cross-section lie between the values of 15000 and 15120.

Specimen No. B-T

The total temperature-time exposure history beginning with

the net accrued strain gege curing exposure history is:

0.340 hr. @ 475°F.; 0.047 hr. @ 350°F.; 0.208 hr. @ 450°F.

vhere the last two increments are from Fig.6.7 end the second
increment of 0.047 hr. @ 350°F. is neglected in the accumulation
calculations. From Sec. T.2.1,

0.340 hr. @ 4759F. = 0.950 hr. € L50OF,
0.208 hr. @ hsoOF,

Equivaelent time at final temperature = 1.158 hr. @ 450CF.

H-18-G-1
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The Larson-Miller Parameter for the L4500F. elements of B-T
is found from Fig. Thor 7.5, or calculated to be
L.M. = 910(16.5 + log 1.1585 = 15070

The Larson-Miller Parameters for all other elements in thu
cross-section lie between 15000 and 15070.

Using these Larson-Miller Paremeters and the test temperature
distributions in Sec.6.0 the msterial properties are obtained
from the curves in Sec. T.2.3 and summarized for all elements
in each test specimen in Sec. 7.3.

For crippling specimens A-3 through A-6 the strain gage curing
temperature exposure history of Fig.6.6 is divided into the
following temperature time increments.

15 min. @ 300°F.
113 min. @ 350°F.

7 min. @ 375°F.
20 min. @ k25°F,
16 min. @ LS50CF.

The equivalent time at
defined by the methods
the bending spccimens.

0.25 hr. @ 300°F. =

.025 hr. @ 350°F.
1.883 hr. @ 350°F.

1.908 hr. @ 350°F. =

0.25 hr. @ 300°F.
1.883 hrs. @ 350°F.
0.117 hr. @ 375°F.
0.333 hr. @ LosoF,
0.267 hr. @ Lso°F.

the final temperature of LS0°F. is
of Ref. ( e ) and Sec. 7.2.1 &s for

0.55 hr. @ 375°F.

0.117 hr.@ 375°F.

0.667 hr.@ 375°F. =
0.08 hr. € hzsgp.
0.333 nr. @ L25°F,
0.413 br. @ k25°F, =

0.140 hr. @ L450°F,
0.267 br. @ 450°F,

Equivalent time at final temperature = 0.4O7 hr. @ 450°F,

The Larson-Miller Perameter for 0.407 hr. @ L50PF. is calculated
by L.M. = 910(16.5 + log 0.407) = 14660. However, compression
coupons taken directly from A-k (Fig.A.J)J0O) compared with the
curves of Fig.T.4+ indicate thet a value of L.M. = 14600 is

more realistic for the 0,125 inch cover plates, The temperature
exposure history of Fig.6.6 was obtained by thermocouples on

the 0.125 inch cover plates indicating, st least, fovorable
egreement between coupon data and the use of the Larson-Miller
Parameter. Coupons taken from the 0.187 inch channel webs
indicated a much higher yield stress than expected for the
temperature exposure history of Fig. 6.6. Investigation

H-18-G-1
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indicated the probable cause to be & lag in the temperature-
time diegram and less time at the maximum temperature for the
thicker material. The coupon date from Fig. A,1,10 is plotted
in Fig.TH and indicates that a value of L.M. = 14140 is more
realistic for the 0.187 inch chennel elements. For reasons
of material property compatibility between test specimens,
and enalysis and coupon data evailebility, the material
properties for analysis were based on L.M. = 14600 for the
0.125 inch cover plates and L.M. = 14140 for the 0.187 inch
channel elements. These values of the Larson-Miller
Perameter were used for ell structural elements in crippling
specimens A-3 through A-6 which were uneffected by subsequent
elevated temperature exposure during testing. Specimens

A-I and A-5 were entirely unaffected by test temperature
exposure since the meximum test temperature was 250°F,
Resultant material properties for A-It and A-5 are summarized
in Tebles 1 end 2 of Fig. T.15.

For specimen A-3 the intersection of L.M. = 14600 with the
exposure temperature line of 4SOCF. indicates an equivalent

time of 0.35 hr. at LS0OF. for the strain gage curing alone.
Beginning with this equivalent time at temperature and adding
the test temperature exposure history of Fig. 6.8, the totsal
temperature exposure history is expressed by the following
increments for elements 1 and 11 of specimen A-3. The
temperature-time increments for the equivalent strain gage
curing and the test temperature exposure history of Fig. 6.8 are:

0.35 hr. @ 450°F.; 0.083 hr. @ k25OF.; 0.35 hr. @ L25°F. =
0.35 hr. @ 450°F. and 0.433 hr. @ L25°F.

0.35 hr, @ 450°F. = 1.000 bhr. @ 425°F.
0.433 hr. @ 425°F,

Equivalent time at final temperature =1.433 hr. @ L425°F,

The Larson-Miller Paremeter for elements 1 and 11 for 1l.433
hr. @ L25°F. is
L.M. = 885(16.5 + log 1.433) = 14750

The Larson-Miller Parameters for all other elements are
determined in an identical manner, the material properties
obtained from Figures 7.2 and 7,13and the results summarized
in Table 3 of Fig. T.1l5.

For specimen A-6 the equivalent time at temperature for
strain gage curing of the 0.125 inch cover plate is identical
to that for specimen A-3 (0.35 hr. @ 450°F.). Beginning
with this value and adding the test temperature exposure
history of Fig.6.9 for element 1 the total temperature
exposure history for element 1 is:

0.35 hr. @ 4500F,; 0,10 nr. @ 425°F.; 0.40 hr. @ 425°F, =
0.35 hr. @ 45S0°F. and 0.500 hr. @ L25°F.

H-18-G-1
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0.35 hr. @ 450°F. = 1.000 hr. @ L25°F,
0.500 hr. @ }25°F,

Equivalent time at final temperature=l,500 hr. @ L2G0F.

The larson-Miller Farameter for element 1 is
L.M. = 885(16.5 + log 1.500) = 14760

The Larson-Miller Parameters for all other elements are
determined in an identical manner, depending upon the test
temperatures and the material properties obtained from
Figures T.12 and T.13. The results are summarized in
Table 4 of Figure 7.15.

Long column specimens C-3 and C-L utilized no elevated tempera-
ture strain gages and did not have a strain gage curing tempera-
ture history. In addition, the test temperature exposure his-~
tory for these two specimens was a maximum of 1/2 hour at

250°F, Therefore, the conventional short time (1/2 hour) mater-
ial properties can be used. For consistency, the material prop-
erty factors were taken from Figures T.l2 and 7.13 for L.M. =
11800. The material properties for these two specimens are
summarized in Tables 1 and 2 of Figure T.16.

Long column specimen C-5 had no strain gage curing temperature
history and the test temperature history was as shown in Figure 6.10
for the critical 7075-T6 (clad) cover plate elements. For ele-
ments 1 and 9 of specimen C-5, the total temperature exposure
history can be expressed as a single increment of 9 minutes at
L50°F, = 0,15 hour at L50°F. The Larson-Miller Paramete:r is

L.M. = 920(26.5 + log 0.15) = 14260

The coolest element in the cross-scction is element 5 at 380°F.
and the Larson-Miller Paramectcr is

L.M. = 840(16.5 + log 0.15) = 13150

Al) other elements in the cross-section have values betwcen

L.M., = 14260 and L.M. = 13150, which m2y vary according to the
test temperature. The material properties are obtained frem the
curves of Section 7.2.3 and the results summarized in Table 3 of
Figure 7.16 in Section 7.3,

Long column specimen C~6 had no strain gage curing temprrature his-

tory, and the test temperature history was as shovm in Figure 6.10.
For element 1, a single increment of 12 minutes at L50°F. is

used to represent the total temperature-time history. The Larson-
Miller Paranmeter for clement 1 is

L.M. = 910(16.5 + log 0.2) = 1375

The coolesi element above the aging termperaturc of 250°F. is
element § with T = 3180F, - The Larson-iller Parametor is

H-18-G-1
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L.MC " 778(16.5 + log 0.2) = 12300

Elements 2 and 3 will have values between L.M, = 1,375 and
L.M. = 12300, while elements 5 through 9 have L.M. = 11800
(conventional short time properties). The material properties
are oblained from the curves of Section 7.2.3 and the results
summarized in Table L of Figure T.16 in Section 7.3.

For those tensile coupons with a theoretical temperature ex-
posure history of 2 hours at 350 F. and 1/2 hour at h50°F.,
the actual history is shown in Figure 6.6 and is represented
by the following two increments.

134 minutes @ 350°F, = 2.23 hours @ 350°F.
L0 minutes @ L50°F, = 0,67 hours @ L50°F,

Applying the accumulation procedures of Reference ( e ) and
Section 7.2.1,

2,23 hours @ 350°F. = 0.033 hr., @ L50°F,
0.670 hr. @ L450°F,
Equivalent time at final temperature = 0,703 hr. @ L50°F,

The Larson-Miller Parameter for use with Figure 7.4 is
LM, = 910(16.5 + log 0,703) = 14870
For tensile coupons 5-3, 6-7, and 5-18, with 1/2 hour at L50°F.,

2 hours at L50°F., and 6 hours at hSOOF., respectively, the
Larson-Miller Parameters are as follow:

Coupon 5-3
L.M. = 910(16.5 + log 0.5) = 14750

Coupon 6-7
L.M. = 910(16.5 + log 2.0) = 15300

Coupon 5-18
L.M. = 910(16.5 + log 6.0) = 15730

The compression coupons from the tensile coupons have the same
larson-Miller Parameter as the tensile coupon. The compression
coupons from crippling Specimen A-L are described on Pages 82
and 83.
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The Larson-Miller Parameters for all 450°F. thermal cycling
specimens are shown in Figures T.6 through 7.1l. These values
vere calculated es for the bending specimens using the temperature
exposure histories of Figure 6,11. Vealues are shown for each cycle
in the temperature-load sequence since the material properties
were continually verying. The effect of these varying properties
must be allowed for in order to evaluate vhether true thermal
cycling is ocecurring or if any strain accumulation is predominantly
due to lover stress-strain curves at each cycle. For the Larson-
Miller Parameters shown the material properties are obtained from
the curves of Section 7.,2.3 and summarized in Tables 1 through 7
of Figure 7,17,
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FIGURE 7.6

SUMMARY —— LARSON-MILLER PARAMETERS FOR COVER PLATE ELEMENTS 1 AND 11 OF
THERMAL CYCLING SPECIMEN NO. B-16, 450°F. SYMMETRICAL TEMPERATURE DISTRIBUTION

LARSON-MILLER PARAMETER
e Yo Thode]  Mer"lrent] e " (riaey
1 14120 15000 15220
) 14400 15040 15230
3 14600 15080 15260
L 14670 15130 15270
5 W7ho0 - 15280
6 14830 - -
FIGURE 7.7

SUMMARY —— LARSON-MILLER PARAMETERS FOR COVER PLATE ELEMENTS 1 AND 11 OF
THERMAL CYCLING SPECIMEN NO. B-12, L4S0°F. SYMMETRICAL TEMPERATURE DISTRIBUTION

M
ap

= 168,500 (Test)

Temperature

Cycle

LARSON-MILLER
PARAMETER

1

N W = W N

15030
15050
15070
15090
15100

15120

* FORM H.10.G.1
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FIGURE 7.8

SUMMARY — LARSON-MILLER PARAMETERS FOR STRUCTURAL ELEMENTS OF THERMAL CYCLING
SPECIMEN NO. B-10, 4S0OF. UNSYMMETRICAL TEMPERATURE DISTRIBUTION '
(MAXIMUM TEMPERATURE ON TENSION SIDE)

ELEMENT LARSON-MILLER PARAMETER

NO. |]lst Cycle| 2nd Cycle | 3rd Cycle| Uth Cycle| Sth Cycle| 6th Cycle| Tth Cycle
1 15070 15080 15100 15100 " 15120 15130 15170
2 13840 13870 13880 13900 13910 13920 13950
3 13400 13420 13440 13450 13470 13475 13500
L 12910 12920 12930 12950 12970 12975 13000
Z 11800% | —e e 11800%
T

. 8

9

10

n 11800 . | —= o 11800

FIGURE 7.9

SUMMARY — LARSON-MILLER PARAMETERS FOR STRUCTURAL ELEMENTS OF THERMAL CYCLING
SPECIMEN NO. B-15, 450°F, UNSYMMETRICAL TEMPERATURE DISTRIBUTION
(MAXIMUM TEMPERATURE ON TENSION SIDE)

ELEMENT LARSON-MILLER PARAMETER '

NO. |[lst Cycle | 2nd Cycle | 3rd Cycle Ltn Cycle | 5th Cycle| 6th Cycle| Tth Cycle
1 15070 15080 15100 15100 15120 15130 15170
2 13810 13830 13850 13860 13880 13900 13920
3 13430 13450 13475 13480 13500 13500 13530
h 12980 13000 13030 13030 13050 13060 13080
5 11800% | ==t o 11800%
6
T
8
9

10

11 11800% | ==t —=={ 11800

% Minimum value shown in Figures 7.4 and T,5.

‘ FORM N.
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7.2.3 MATERIAL PROPERTY CURVES

For the analysis portion of this study, the strain design procedures
of Section 3.0 require certain material property values to define the
structural element stress-strain curves in terms of the Ramberg-Osgood
equation. These values are the yleld stress at Egec ® 0.7E defined by
(Fy)o.7Es the modulus of elasticity defined by E, the ultimate stress

¥-o f defined by Fty and the shape factor m. Figure 7,12 shows
#(Fey)o,7g Vversus temperature and Fty versus temperature for various
values of the larson-Miller Parameter as calculated in Section 7.2.2.
These curves are a cross-plot of the data in Figures T.4 and 7.5.
The compression yleld stress is assumed equal to the tension yleld stress

and the recovery of compression properties is assumed identical to the
recovery of tensile properties,

Figure 7.13 shows modulus of elasticity versus temperature for 7075-Té
aluminum alloy (bare and clad sheet) as determined by the tensile coupon
data of Section 7.l. For purposes of comparison, the curves from Reference
(@ ) are also plotted in Figure T.13. Note that generally good agree-
ment was obtained between the clad coupon data and Reference ( 4 ). The
bare coupon data indicates somewhat lower values of E at T 2 300°F, than
Reference ( @ ). For purposes of analysis, the tensile coupon curves
were used to definc E to represent the straight line portion of the
stress-strain curve. The recovery of the modulus of elasticity is un-
affected by previous temperature exposure histories, and the exposure
history given in Figure 7,13 is listed as a reference only.

No curves are shown for shape factor versus temperature, since Refer-
ence ( d ) and the tensile coupon data indicate considerable variation
snd randomness. The non-dimensionel stress-strain curve represented by
the Ramberg-Osgood equation is actually quite insensitive to the higher
values of m (m > 20) such as those shown by the tensile coupon data,
Therefore, the values of m for any particular structural element were
estimated from the table in Figure 7.2 for the thickness, material, and
test temperature of the element, This is sufficiently accurate for an-
alysis since only small deviations occur in the critical yield portion
of the curve, and particularly since many of the structural elements in

the test specimens used a compression yield stress cut-off rather than
an ultimate cut-off.
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7.2.3 MATERIAL PROPERTY CURVES

For the analysis portion of this study, the strain design procedures
of Section 3.0 require certain material property values to define the
structural element stress-strain curves in terms of the Ramberg-Osgood
equation. These values are the yleld stress at Egec = 0.7E defined by
(Fy)o,7Es the modulus of elasticity defined by E, the ultimate stress

¥-ofl defined by Fgy and the shape factor ms Figure 7.12 shows
#(Fry)o,7g versus temperature and ZFty versus temperature for various
values of the larson-Miller Parameter as calculated in Section 7.2.2.
These curves are a cross-plot of the data in Figures 7.k and 7.5.
The compression yield stress is assumed equal to the tension yleld stress
and the recovery of compression properties is assumed identical to the
recovery of tensile properties.,

Figure T7.13 shows modulus of elasticity versus temperature for 7075-T6
aluminum alloy (bare and clad sheet) as determined by the tensile coupon
data of Section 7.1. For purposes of comparison, the curves from Reference
(@ ) are also plotted in Figure 7.13. Note that generally good agree-
ment was obtained between the clad coupon data and Reference ( & ). The
bare coupon data indicates somewhat lower values of E at T 2 300°F. than
Reference ( @ ). For purposes of analysis, the tensile coupon curves
were used to definc E to represent the straight line portion of the
stress-strain curve. The recovery of the modulus of elasticity is un-
affected by previous temperature exposure histories, and the exposure
history given in Figure 7,13 is listed as a reference only.

No curves are shown for shape factor versus temperature, since Refer-
ence ( d ) and the tensile coupon data indicate considerable variation
and randormess. The non-dimensional stress-strain curve represented by
the Ramberg-Osgood equation is actually quite insensitive to the higher
values of m (m > 20) such as those shown by the tensile coupon data.
Therefore, the values of m for any particular structural element were
estimated from the table in Figure 7.2 for the thickness, material, and
test temperature of the elecment. This is sufficiently accurate for an-
alysis since only small deviations occur in the critical yield portion
of the curve, and particularly since many of the structural elements in

the test specimens used a compression yield stress cut-orf rather than
an ultimate cut-off.
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FIGURE T.12

MATERIAL, PROPERTIES VARIATION WITH TEMPERATURE FOR
100 . ARSON-MILLFR VALUES (707S-T6 ALUMINUM ALLOY)
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Modulus of Elasticity, psi x 10

FIGURE T.13

MATERIAL PROPERTIES VARTATION WITH TEMPERATURE
7075-T6 ALUMINUM ALLOY (BARE AND CLAD)

No Recovery Problem Produced by Previous Elevated Temperature
Exposure. All Tensile Coupons had Previous Temperature Exposure
History of 2 hours at 350°F. and 1/2 hre at 450°F.
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7.3 TABUIATED TEST SPECIMEN ETEMENT DATA

The material properties summary tables for each test specimen are
shown in the following figures. The bending, short column (crippling),
long column, and thermal cycling specimens are shown in that order.
These tables essentially summarize the material property data required
to analytically represent the element stress-strain curves by the Ram-
berg-0Osgood equation ( 3.3.6 ). The tables indicate considerable varia-
tion in material properties depending upon the test temperature and the
temperature-time exposure histories.

This data was used as the input data for the IBM 709 digital computer
program to define the analytical load-deformation curves of Section 8.0.
The data for all room temperature specimens is not tabulated in this sec-
tion, since the basic room temperature properties from tensile coupon
data were used for all room temperature structural elements. No sig-
nificant temperature-time exposure history was required for curing the
high elongation strain gage bonding, therefore, no permanent loss of
room temperature material properties was incurred.
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FIGURE 7,17

THERMAL CYCLING SPECIMEN MATFRIAL PROPERTIES SUMMARY
TABLE 2 — SPECIME{ NO. B-16 (450°F,, SYMMETRICAL GRADIENT)

ELEMENT TEST TRMP, YIELD STRESS (Fy)g, g, pei
No. | TEMP.,°F.| HISTORY[ 1st | 2nd | 3ra | BE6 | Sth | Gio %
CYCLE}| CYCLE| CYCLE| CYCLE| CYCLE| CYCLE p)sci m
10-6
1 k50 l 32300| 28900| 26h20| 25650] 2kgo0| 23700| 6.8 12
2 395 = Lhoo| 46800 | L5250 Wh600| 43700 | 43000 7.03f 12
3 373 S 48100| 47700| L7500 | k7200 46750 | LES00 7.23) 12
Y 3ks @ 51800 51600 51400} 51300| 51300 | 51500| 7.67| 12
5 297 E‘\o' 5T750| 57650 574001 57k00| STh0O | 5ThOO| 8.73| 20
6 290 : . 58400} 58400 | 58400 | 58400} 58400 | 58400] 8.9 | 20
7 305 gg 56800 | 56800 | 56800 | 56800 | 56800 | 56800] 8.52| 35
8 352 e 51100 | 50800 50800 { 50750| 50600 | 50250 T.55| 27
9 375 B4 e L7800 | 47350 | 46850 | L6650 | L6500 Lé2so| 7.22| 27
10 400 ‘é‘E\ L6650 | L5750 | 43550 | b2goo| k2100 | b1000| 7.0 | 27
11 450 32300 28900 | 26hk20 | 25650 24900 | 23700 | 6.8 27
1 kso 21400 { 21250 20800 | 20200 6.8 12
2 395 |w | | koooo| 39550 | 39000 | 38500 7.03] 12
3 373 ts] L4600 | 4h250 | 43900 | k3600 7.23| 12
L 345 & - 51100 | 51000 | 50800 | 50600 7.67| 12
5 297 E\o- 57400 | 57300 | 57250 | 57200 8.73| 20
6 290 - . 58250 | 58200 | 58100 | 58100 8.9 20
T 305 53 56500 | 56400 | 56400 | 56300 8.52| 35
8 352 2y L9600 | L9500 | L9500 | Lokoo 7.55) 27
9 375 Bt o 43800 | 43500 | 43250 | 43000 T.221 27
10 400 é’a\ 38050 | 37600 | 37100 | 36700 7.0 | 27
11 450 21400 | 21250 | 20800 | 20200 6.8 27
1 k50 19450 | 19150 | 18900 | 18750 | 18670 6.8 12
2 395 B 37700 | 37400 | 37100 | 36800 | 36600 7.03| 12
3 373 S @ L2500 [ 42350 | k2250 | L2100 | L1900 T.23} 12
i 345 2 ~ 50700 | 50600 | 50400 | 50300 | 50250 7.6T| 12
5 297 E’\o- 57500 | 57300 | 57300 | 57200 | 57200 8.73| 20
6 290 . 58100 | 58100 | 58100 | 58100 | 58100 8.9 20
7 305 %g 56500 | 56500 | 56500 | 56500 | 56500 8.52 | 35
8 352 Fo k9200 | 18900 | L8750 | 48500 | 48300 7.55 % 27
9 375 [T L2250 | 42100 | 42000 | 41800 | 41700 T.22 | 27
10 400 é@ E‘ 35700 | 35400 | 35100 | 34950 | 34700 7.0 | 271
11 k50 19450 | 19150 | 18900 | 18750 | 18670 6.8 27

Refer to Figure 8,33 for the three

load levels applicable to the
above three tables of material properties,

" FORM M-10.G.1
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FIGURE T.l7

THERMAL CYCLING SPECIMEN MATERIAL PROPERTIES SUMMARY
TABLE 3 - SPECIMEN N0, B-12 (450°F., SYMMETRICAL GRADIENT)

ELEMENT PEST TEMP., Yield Stress, 11‘-‘&)6.7E, psi—
No. |TEMP.,°F. |HISTORY [IST | 2D | 38D | WiR | SOH | 6 E ¢
CYCLE | CYCLE | CYCLE | CYCLE | CYCLE | CYCLE | psix10 | m
1 450 | 21381 20992 | 20837 | 20603 | 20370 | 20215 | 6.8 12
2 405 plm [ 3615k | 3615k | 35920 | 35765 | 35762 | 34987 ( 7.0 | 12
3 387 S 39971 | 39971 {39608 | 39608 | 3824k | 392bk | T.15 | 12
4 373 Q5 |43968 | h3968 43605 | k360 | 43387 | k322 | 7.25. | 12
5 325 B | 5kah2 | shib2 |shik2 | shake | shikefskiket 8.05 | 20
6 310 : 57250 { 57050 | 57050 | 57050 | 57050 | 57050 | 8.k 20
7 314 Eg 56977 | 56977 | S69TT | 56977 | 56977 | 56977 | 8.3 35
8 350 boslk | hol1g |hoath | b9200 | 49128 | b9oss | 7.6 27
9 370 BE 45058 | 45058 L4913 | Wh695 | LukTT | L4331 | 7.3 27
10 385 8 w317 | wh3l7 |43695 | 3695 | u3wsL | ke7é2| 7.1 | 27
11 50 21381 | 20992 | 20837 | 20603 | 20370 | 20215 | 6.8 27
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8.0 TEST-ANALYSIS COMPARISON

This section contains the evaluation of all strain
data, unknown end restraint conditions and the comparison
of analytical and experimental load-deformation curves,
Sec, 8.1 describes the analysis of the strain data used to
define,as nearly as possible, the critical buckling strains
since edge restraint conditions are somewhat questionable
and an over-conservative assumption would only unduly com-
plicate the comparison between the test and calculated
load-deformation curves., This investigation was carried

out using strain data from room temperature bending asnd

short column (crippling) specimens only. Section 8.2 is
included to consider end restraint conditions as a separate
item due to variations in the end moment restraints en-
countered during the tests of the long column and short
column (crippling) specimens,

The performance of short column tests in a test
machine may lead to unknown end moment conditions if
unsymme trical temperature gradients are present, Section
8.2.1 shows another possible use of calculated load-
deformation data when used in conjunction with static test
strain data, The original calculations for crippling
specimen A-6 were performed assuming the cross-section to
be restrained-in-bending at or near the ultimate load.
However, this is not the correct moment restraint condition
and the actual bending moment at any axial load level is
unknown, Section 8.2.1 describes the complete analytical-
experimental evaluation of the problem and attempts to
define the bending moment variation with axial load from
zero to failure.

As is usually the case with long column test specimens,
the ideal pin-ended condition is very difficult to achieve
in a test machine and some variation is to be expected,
The analyses performed in Section 8.2.2 consider each of
the long column specimens in terms of the test buckling
load and indicate the probable end fixity value, c, for
each of the specimens tested, These values of ¢ were used
in the analysis to obtain a comparative load-deformation
curve for Section 8.3.3.  The variation in end fixity
between test specimens did not allow a comparison of test
and enalysis applied load ratios in Section 9.0 as for the
bending and short column specimens, However, additional
calculations were performed for each column specimen based

H-18-G-1
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on a comuon value of end fixity of ¢ = 1,25 and the table
of long column applied load ratios in Section 9.0 is calcu-
lated on this basis. This allows some evaluation to be
made considering only the variables assoclated with the
temperature,

Section 8,3, in conjunction with Section 9.0, sum=
marizes the results for the primary obJective of this study.
For proper simulation of the elevated temperature static
test the complete load-deformation curve is important. as
wvell as the ultimate failing load. This is particularly
true for the load-deformation curve with all load and
temperature removed since this curve defines the permanent
set characteristics of the structure and hence the allowable
yield load. The experimental and analytical curves shown
are based on the strain date of Appendix A and the pro-
cedures of Section 3.0, respectively. Most of the load-
deformation curves shown are plotted for the temperature-
load sequence +T, +P since this is compatible with the
test conditions, Some calculated curves are shown in
Section 8.3.1 to illustrate the use of the curves for the
4T, +P, =P, T sequence to define an epplied loed ratio
at the 0,002 in./in. offset yield or any other permanent
set criteria, In addition, these comparative curves tend
to establish the validity of the analytical procedures of
Section 3,0.

Detailed explanations of the bending, short column
(erippling), long column, and thermal cycling specimens
are given in Sections 8.3.1, 8.3.2, 8.3.3, &nd 8.3.4,
respectively.

He18-G-1
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BUCKLING

Since edge restraint conditions on the compression cover
have a considerable effect on the local buckling strain, the
buckling coefficients were defined for the various test speci-
mens using strain gage data from the room temperature bending
and crippling specimens. The data is shown in Fig. 8,1
for the bending specimens and in Fig. 8,2 for the crippling
specimens., The critical buckling strain is shown and has been
defined as the average strain at the last recorded increment
prior to a marked deviation from the initial elastic slope.
This point denotes the strain at which the effective area of
the compression cover begins to reduce. The value of e ob-
tained in this manner is used in Eq. (3.5.4) to define the
effective area coefficient C, for the compression covers. For
digital computer calculations, the buckling coefficlents are
defined in the following sections for use in Eq. (3.5.1). This
data was used in the analytical determination of the load-de-
formation curves for compatibility between test and analysis
and to eliminate, insofar as possible, an unnecessary variable
from the comparison of load-deformation curvss, Although the
buckling strains and the associated buckling coefficients were
determined by using data from room temperature specimens, the
same buckling coefficients were used for calculating the load=-
deformation curves of the elevated temperature specimens assuming
that the compression cover edge restraint conditions did not vary
appreciably from those at room temperatures,

8,1.,1 BENDING SPECIMEN BUCKLING COEFFICIFNT

From specimen No, B-1 data in Fig. 8.1 y the critical
buckling strain is e, = =0,00283 in.;in. With b = 5 in. and
t = 0,125 in. the buckl%ng coefficlent is

b

K =-ecp %) = 0,00283\0.125) = 4.525
From specimen No. B-17 data in Fig. 8.1 , the critical

buckling strain is egr = - 0.00258 in./in, With b = 5 in, and
t = 0.125 in. the buckling coefficient is
b

2
K= -egr %) = 0,00258 (0.12% = 4,125

The average buckling coefficient for the two room tempera-
ture specimen compression covers is K = 4.325. Thils value was

H-18-G-1
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~used to define the critical buckling strain and effective area
coefficient for the compression covers of all bending specimens,
The calculated load-deformation curves of Section 8,2 reflect a
degree of buckling at each load level which is consistent with
K = 4,325, From Figure 14,25 of Ref, (i) this value indicates
edge conditions between simply supported and clamped for a penel
espect retio 8/p = 3 (5 inches by 15 inches).

8.1,2 CRIPPLING SPECIMEN BUCKLING COEFFICIENT

For the room temperature specimens subjected to compression
loads, strain date from both 0,125 inch covers was used to
evaluate the buckling coefficlient, For specimen No, A-l in
Figure 8,2, two values of the criticel buckling strain are
shown as defined by each pair of strain gages, Yrom the curve,
the criticel buckling streins are ey, = =0,00254 in./in, end
ecp = =0,00356 in./in. for which the buckling coefficients are
K = 4,07 and K = 5,70, respectively., The average buckling co-
efficient for the two covers of specimen No. A-l is K = 4,885,
The strain data for specimen No, A-2 in Figure 8.2 is shown
for a single pair of strain gages only ( 2 end 7 ). These two
gages form the total width of the band with gages 5 and 8 between
2 and 7. In addition, gaeges 5 and 8 become non-linear at the
same strein as 2 and 7 , therefore defining a single value of the
eritical buckling strain for both cover plates of specimen A-2,
From the curve in Figure 8.2 eqp = =0.00307 in./in, and the
associnted buckling coefficient is K = 4,915, The average
buckling coefficient for both specimens is K = 4,90 which is
quite close to the average value of K = 4.985 between simply
supported (K = 3.62) and clemped (K = 6.35). For analytical
definition of the load-deformation curves in Section 8.2, the
buckling coefficient for the 0,125 in, covers was taken as .
K = 4,985, N

8.1.3 LONG COLUMN BUCKLING COEFFICIENT

Since no local buckling of the 0.125 in. cover plates
occurs prior to reaching the column buckling or Euler load, the
local. buckling problem is present only in the post=buckling
stage when relatively high induced bending moments are present
and the axial load on the column is somewhat less than the -
critical buckling load., With bending of primary importence when
local buckling does occur, the local buckling coefficient of
the 0,125 in. cover plates was taken as K = 4,325, This Prejumes
that the edge restraint conditions for the beam-column (post«.
buckling) are identical to those of the bending specimeds andiis
probably fairly realistic since local buckling in both types
specimens is produced by the same mode of loading; i.e., bending
moment rather than a direct axial load. !

H-18-G-1 B
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8.1.4 THERMAL CYCLING SPECIMEN BUCKLING COEFFICIENT

The thermal cycling specimen test methods,
test jigs, support points and restreints were
identical to those used for the static bending
specimens and, in the absence of measured strain
data to evaluate the critical buckling strain, the
buckling coefficients were assumed to be identical
to those for the bending specimens. Sec, 8.1.1
shows an average K for calculation purposes of
k,325. This value was used to define the critical
buckling strain and effective area coefficient for
the compression covers of all thermal cycling
specimens, '

N-18-G-1
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FIGURE 8.1 .
EXPERIMENTAL DETERMINARION OF
BUOKLING COEFFIORSg
(Bending Specimens)
o
o o
L
?
=
' Tof
g
200
- al®
g j>‘ / /60
o Ao
g) > )
3 %O/
&
00 =0.001 =0+002  ~0¢003 =0.004 «0.005 =0.006
Strain, in./in.
400
L) , Oe
T 30 o —+
~
® PC?ZQ\
'.‘3200 N B, I - >
. :
g 200 v } e
?, T ,
2 0 =0:001  =0+002 . ~0¢003  =0s004  «0.005 =0.006
Strain, in./in. ‘
z
T FORM H-10-G.) r'-




—_

NORTH AMERICAN AVIATION, INE.  yuson.973
COLUMBUS DIVISION
COLUMBUS 16, OHIO Page 118

FIGURE 8,2
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8,2 END RESTRAINT CONDITIONS
842,11 CRIPPLING SPECIMENS

For consistent test conditions on all ecrippling specimens,
both room temperature and elevated temperature, no adapters
or end fittings were used on the elevated temperature speci-
mens with unsymmetrical temperature gradients present, The
testing procedures for crippling specimens A-1 through A-6
are described in Section 5.0 + For specimens A-1l and
4-2 at room temperature and specimens A-3 and A-4 with sym-
metrical temperature gradients, the flat and parallel end
conditions necessary for testing in the Baldwin-Southwark
testing mechine were essentially maintained. However, speci-
mens A-5 and A-6 with unsymmetrical temperature gradients
were initially bowocd by the temperature which rotated the
plane of the cross-section and did not provide the flat and
parallel surfaces necessary for a uniform applied strain dis-
tribution. Consequently, in both cases the expanded hot cover
plate was loaded in compression before other elements in the
cross-section. This indicates the presence of bending moments
on the cross-section during the load application step., If
this bending moment were supplied by a couple load, then this
applied bending moment would have a maximum value of Mp when
the couple had rctated the cross-section to its original un-
heated position. If the temperature gradient is very steep,
then the rotational moment sirain denoted by Kp may be pro-
duced by two moments; i.e., one an elastic applisd bending

moment where Map<Mp, and an inelastic moment, M, where
Mgp + = Mr.  This latter case can arise if the rotational

restraint strains are sufficiently large to produce buckling
and/or inelastic stress-strain relationships. The above con-
ditions are met only under true restrained-in~bending
conditions where the rotaticnal restraint is provided by a
pure moment.

In the test machine, however, the bending moment on the
cross-section is produced by an eccentric load which produces
a variable moment throughout the load range from zero to
failure. The bending moment introduced in this manner can
reach a value considerably higher than the elastic thermal
moment at some time during the load application., The value
of this bending moment and the variation of the moment depend
upon a number of factors. Among these are the cross-section
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geometry of the test specimen, the temperature distribution
through the cross-section, material properties variation
through the cross-section, buckling, and inelastic stress-
strain relationships, These factors establish the degres
of eccentricity during load application by affecting the
point of load application and shift of the elastic neutral
axis.

For purposes of calculating the load-deformation character-
istics of specimens A-5 and A-6 for a temperature-load sequence
of +T, +P, it was questionable whether the true restrained-in-
bending case could be agsumed at the +T step. This presumes
that at any applied load level the total rotational strain is
equal to the thermal moment rotational strain defined by Ky
whether elastic or inelastic. This assumption was made in
the calculations for specimen A-5 which had a tempsrature
differential of approximately 100°F, between the two cover
plates., Evaluation of the test data and comparison of calcu-
lated and experimental load-deformation curves for specimen
A-5 (Fig. 8.20, page 152 ) showed the assumption to be
reasoneble ir this particular case, even if not entirely
correct throughout the loed range. However, applying the same
assumption to specimen A-6 which had a temperature differen-
tial of approximutely 225CF, between the two cover plates.
over-predicted the pesk, or failing, load by a considerable
margin, A comparison of calculated and experimental strain
data indicated the presence of consideradbly higher bending
moments than would be present in the true restrained-in- -
bending case.

To investigate this problem further, the test strain
data obtained from extensometers was used in conjunction with
the digital computer methods of Section 3.0 to determine the
bending moment variation during loud application. The end
restraint conditions were changed from restrained-in-bending
to unrestrained at the temperature application step (4T) of
the temperature-load sequence in the caloulations., At the
load application step (4P) of the temperature-load sequenoce
the calculztions were performed using a series of applied axial
loads and bending moments to obtain element strain data and
interaction load-deformation curves for various combinations
of axial load and bending moment., To ensure compatibility
throughout, considering the sensitivity of strain measurements
at the higher loads, the measured strain data was compared with
the calculated interaction strain data by two different criteria,
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Assuming the extensometer data from Figure A.3.l4 to be
compatible as to strain differential between the extreme
fiber elements (0,125 inch cover plates, elements 1 and 11,
page 36 ') the cross-section slops, or rotational restraint,
is shown in Figure 8.3 and is defined by

de/dh = %5 = 2
Y1 -y

where ez and e, are the strains from Appendix A  for extenso-
meter no's., 5 and 2, respectively., Extensometer No. 4 was

not used in the evaluation due to erratic behavior in the low
load regions end incompatibility with the remaining three ex-
tensometers. As shown in Appendix A , the data from extensometer
3 was very nearly identical to that of ‘cxtensometer 2 so that
the data from either could have been used. From the calculated
interaction data, a femily of load-rotational restraint curves
is plotted in Figure 8.3 with bending moment as parameter.
The intersections of these curves with the experimental curve
define the bending moments present on the cross-section at

each applied load to failure. Note that each calculated curve
intersects the sxperimental curve at two points indicating

that as the applied axial load is increased, the bending moment
reaches a peak value and then begins to diminish as the axial
load approaches ultimate. For the calculated curves in Figure
8.3 . the rotational restraint is defined by

K__+2K
do/g, = _ox 3 ™%

c

which includes both elastic and inelastic effects. The bepd-
ing momant versus axial load curve(f)shown in Figure 8.5 4s
a plot of the intersections of the calculated and experimental
curves and indicates a bending moment at the test failing ipad
of approximately =-32000 in. - 1lbs. It should also be note§
that the peak bending moment is considerably above the eladhic
thermal moment of =-69500 in. - lbs. whereas ths bending momsnt
at failure was considerably below the elastic thermal momer.

In certain types of compression specimens, the bending momejjt
may diminish to zero at the failing load; i.e., no column 1}
action or local buckling, and very ductile materials. & y
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The bending moment varlation during load application
was also determined by comparing the struin data from ex-
tensometer 5 to the critical element strains from the
calculated data where the calculated strains are defined by

o1 = oqp +JZepJ + [Kapx +(ijpxj)] %l

with element 1 being the critical compression element, The
experimental critical element strain data from extensometer
5 data (Apperdix A ) is shown in Figure 8.4 whers the
calculated interaction data with bending moment as paraneter
is also plotted in the form of a load-strain curve. Actually
this data is identical to that shown in Figure 8.3 except
for the change in ths scale on the abscissa., The two proce=~
dures shown differ only in the specific use made of the
experimental strain data. From the curves of Figure 8.5,
the peak bending moments occur at very nearly the same axial
load and differ in magnitude by only about 8%.

The difficulties encountered during this test and the
subsequent evaluation of the problems emphasizes a primary
problem of testing crippling specimens in a test machine or
similar test fixture. In the elevated temperature cass with
an unsymmetrical temperature gradient through the cross-
section, lhe test results could be considerably in error
(approximately 30% in this case) toward the conservative side
if the proper end restraint conditions are not duplicated,
The eccentric load condition produced during the testing of
speci~.en A~6 was not representative of an aircraft structure
end restraint condition since the continuous type aircraft .
structure introducess a moment restraint which is adequately
represented by the less critical restrained-in-bending case.
Due to the difficulty of duplicating end restraint condition \
in performing certain types of elevated tempsrature tests, 1,
it may well be that the room temperature tests and the com= ™\
parative load-deformation approach may actually be more \X\\
reliable in many cases than the elevated temperature test
itself. In any case, the importance and the critical nature
of the end restraint conditions cannot be over-emphasized
particularly for very short columns where non-uniform tem=-
perature distributions are present and local instability
(crippling) failures are involved,
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FIGURE 8.4
END MOMENT RESTRAINT EVALUATION
CRIPPLING SPECIMEN A-6
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Figure 8.5

Bending Moment Variation With Applied Axial Load
Crippling Specimen A-6

Plotted from Figures 8,3 and 8,4 using intersections of
strain gage data curve and calculated interaction data,

P= =134,000 1bs.
(A=6 Failing Load)

Compression Load, 1lbs. x 10-3
@ Plotted from slope data of Figure 8.3

Plotted from critical element strain data
(Extensometer 5 of Figure A.3.1k4)
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8,2.2 LONG_COLUMN SPECIMENS

Although spherical ball and socket type fittings were
used on all test specimens to obtain end fixity conditions
as close as practicable to pin-ended (¢ = 1,0) the buckling
loads of the two room temperature specimens indicated either
greater bending stiffness than originally calculated or end
fixity greater than ¢ = 1.,0. The critical long column
(Euler) -buckling loads from the room temperature tests were

~26,700 1bs. (Specimen No, C-1)
~24,600 1bs. (Specimen No. C-2)

Per
Per

as compared with a preliminary calculated value of

Pep = ~21,250 1bs. (based on E = 10.3 x 10°, element
areas based on nominal thickness, and ¢ = 1.0)

From preliminary digital computer calculations

2, = 18.857 x 10° and EL_ = 11.175 x 10°

Sines specimen C~1 indicated a buckling load somewhat higher
than the calculated value, specimen C~-2 was supported as a
gimple beam and 50 1b, increments of load were applied at the
center with deflection readings taken at each load increment
to determine the actual bending stiffness (EIx). This data
is plotted in Figure 8.6 and shows the curve as corrected
for support deflection. From Figure 8.6 the maximum de-
flection at the center is $= 0.229 inch for a load of 500
lbs. From the deflection equation for a simple beam

3 3 :
= BLT _ 500 (61.875)7 = 10,7 106
Bl = 283" 48(0.229) 7 x

which is apgroximately 3.5% below the calculated value of
11.175 x 10°, From the column test of specimen C-2 and the
above value of EIL_for specimen C-2, the Euler equation
Pegp = 12 EI/ﬁz is solved for the effective length.

V Per 24600
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If the end fixity conditions are assumed identical for speci-
mens G-l and C-2, the buckling load of specimen C-1 is
substituted in the Euler esquation to solve for the bending
stiffness of C-1,

2
EL, = Porl® - 26700(65,75)2
n2 (3.14)2 = 11,71 x 106

which 1s approximately 4.5% above the calculated valde of

11,175 x 10°, Essentially, the variations may be attributed
to some variation in depth between the two specimens in addi-
tion to tgnsila coupons showing slightly lower E values than
1003 x 10%.

Since the strain gages and extensometers on specimen C-1
showsd good agreemcnt and the extengometers on C-1 agreed well
with thoss on specimen C~2, this data was used to determine the
value onAnEn experimentally. Using the average elastic slope
of strain gages and extensometers from specimen C-l,

ZA,,E,, =P =.20,000 =18.02 x 10°
e  .0,00111

where e = =0,00111 in./in, is from Figure 8.24 . Using the
average elastic slope of the extensometers from specimen C-2,

=20,000 -
2 Ak = £ =20.001107 = 18.05 x 206

where e = -0,0011075 is from Figurs 8.2Fk . These volues are
approximately 4.5% below the original calculated value of
18.857 x 109 which was based on an elastic E of 10,3 x 10°,
Subsequent tensile coupon data showed E = 9,675 x 106 psi for
the 0.125 inch 7075-Té aluminum alloy (clad) cover plates and -
10,02 x 106 psi for the 0.125 inch 7075-T6 aluminum alloy

(bare) channels.

With the experimental values of EI, and Z‘\nEn from speci- -
men C-2, the radius of gyration is

_JEI, _410.79 -

which is almost exactly that used in the original calculations
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(0,770 inch) which establishes the higher buckling loads to
be primarily a function of effective length (end fixity).
Using the effective length of I = 65.75 inches determined
for specimen C-2, the critical column buckling strain is

2,2
or = If..._é.o_. = 2.1/12 (0,772)2 = 0,001363 in./in,
L (65.75)2

Using the tensile coupon values of E, the final cor-
rected values of EI, and TAE, are EIx = 10.54 x 10° which
is 2.3% bolow the experimental value gf 10.79 x 10 from
specimen C-2, and) A E, = 17.907 x 10° which is 0.8% below
the experimental value of 18,05 x 10° from specimen C-2.

Assuming (EIy)c_y = (EIx)y_, since JAE, values and
moasured depths of the two cross-sections are very nearly
identical, it is presumed that some difference in end fixity
exists between the two room temperature specimens, The ef-
fective length of specimen C-2 has been previously calculated
as I = 65,75 inches. The effective length of specimen C-1 is

U = J e ELe =4[ (3.14)%(20.79 x 10%) = 63.2 inches.
Par 26700

Column end fixity for the two specimens is defined by
/

L = L where
N
c =(_%.) = ( 72 ) = 1,3 (Specimen C~1)
63.2
L\? 2
c :(—I—‘,-) :(_6'57?;7_5 = 142 (Specimen C°2)

The average end fixity is ¢ = 1,25 and this value is used in
the room temperature analytical procedures for compatability
in defining the room temwperature reference curves. With

4

L = = __12 = 64.3 inches

L
Vo {1z

H-18-G-1
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- Car = (ZI;’Z‘

where this value is used in the analytical procedurss.

the critical buckling strain is

- (3.14)% (0.767)% = 0.002402 in./dn.
(64.3)2
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FIGURE 8.6
COLUMN SPECIMEN - SIMPLE BEAM DEFLECTION DATA
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The elevated temperature long columns showed considerable
variation in end fixity according to the critical buckling loads
attained during the tests, Specimen C-3 with a.250°F. symmetrical
temperature gradient indicated the highest value of end fixity
with ¢ = 1,643 and a critical buckling strain of ecp = -0,001838
in,/in., Specimen C-5 with a 450°F. symmetrical temperature gradient
compared favorably with the room temperature specimens with ¢ =
1,307 and eqy = -0.001463 in,/in. as opposed to ¢ = 1.25 and
eer = -0.001402 in./in. as an average for the two room temperature
specimens. This data tends to indicate that the buckling strain,
ecrs of long, stable columns is relatively unaffected by symmetrical
temperature gradients if the combined thermal and applied strains
are not sufficient to produce local buckling prior to the Euler
buckling of the column., The significant effects of these symmet-
rical temperature gradients would be restricted to the post-
buckling portion of the column load-deformation curve where inelastic
effects are more pronounced.

The test buckling loeds of specimens C-4 and C-6 with unsym-

metrical temperature gradients indicated that the initial tempera-

ture bowing and the associated induced bending moments may have
been lerge enough to overcome eny small end restraint moments, The
pesk test loads for C-l4 and C-6 were both somewhat below that
predicted by the simple Euler equation

2,7
n<p
e B ® cmmm—

as would be expected due to the initial eccentricity produced by
the temperature bowing. For these two specimens the end fixity was
considered to be £ = 1.0 (pin end) end the associated critical
buckling strain is eqp = =0.001135 in./in,

The following table summarizes the results of the end fixity
evaluation for both room temperature and elevated temperature long
column specimens, :

H-18-G-1
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8.3 LOAD-DEFORMATION CURVE COMPARISON

This section describes the load-deformation
curves as calculated by the methods of Sec. 3.0 end
obtained experimentally during the test phase of the
program. Comparisons and deviations are discussed in
addition to presenting both the calculated and experi-
mental curves. The experimental curves were obtained
from the strain data of Appendix A where the specific
use of the strain data is explained in Sections 8.3.1,
8.3.2, 8.3.3, and 8.3.4, For test load-deformation
data three different strain measurement systems were
used depending upon the type of specimen., See Sec.
5.0 for details of the strain measuring systems, For
the bending and short column (erippling) specimens the
extensometer and/or strain gage data for the critical
element was used to define the experimental curve,

For the long columns the overall foreshortening was
used which was measured between the loading heads of
the test machine, Similar data was also taken for the
short column spccimens and is shown in addition to the
extensometer data for the short column specimens.

He18-G-1
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8.3.1 SYMMETRICAL BENDING MOMENT-DEFORMATION CURVES

The curves in this section represent the
analytical-experimental comparison necessary to
establish the validity of the procedures for defining
applied load ratios for purposes of simulation.

Room temperature reference curves, both analytical

and experimental, are shown in Fig, 8.8. These

curves are used as the reference basis for comparison
with the curves at elevated temperature, Two room
temperature specimens were tested to ensure compati-
bility and the curves were plotted for the critical
compression element using strain gage and extensometer
deta. These specimens (B-l1 and B-17) were also used
to investigate the local buckling problem as described
in Sec., 8.1.1. The value of the buckling coefficient,
K, derived from that investigation was used for all
room temperature and elevated temperature compression
cover plates in the theoretical analysis. For celcu-
lation purposes, the room temperature material properties
were taken directly from the table in Fig. 7.2 which
summarizes the results of the tension coupon tests,
Both the experimental and analytical curves shown in
Fig., 8.8 rcpresent the deformation of the cross-section
with the load applied. These curves, then, do not
necessarily reflect the permanent set of the structure
since non-linear elastic effects (elastic buckling)
affect the shape of the curve, Generally, the agree-
ment 1s considered favorable between test and analysis.
The use of MIL-HDBK-5, Ref. ( 4 ), materiasl properties
would show about 4 or 5 percent conservative comparison
between the analytical and experimental curve,

Although the curves in this section could be
plotted with Fapm as ordinate, the bending moment on

the cross-section is used since the external applied
loads and/or moments are of particular interest for
purposes of static test., The bending moment in terms
of the elastic rotationsl strain is

" Kep, (EIx)
ap = c

° FORM M-18.G:1
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from Eq. (3.1,5) for symmetrical bending. The
critical element strain for element m is defined by
Eq. (4,0.2) as ep = Fupm/Em + epBli where the terms
for the symmetrical bending case are

Im
Fapm/Em = Kapx (-é——)

and,
®Psn =§ep'j +(§pr‘j\ %!_n

Fig. 8.9 shows the effects of a 250°F. symmetrical
temperature gradient (cover plates hot, center of spar
webs cool). These curves represent the temperature-
load sequence +T, +P and do not reflect the permanent
set of the structure, but only the deformation with
temperature and load applied. It should be noted for
this curve and all bending specimen curves at elevated
temperature that the large reduction from room tempera-
ture values is not due primarily to the effects of the
test temperature and temperature distribution., The
strain gage curing temperature exposure history of
approximately 2 hours at 350°F. end 1/2 hour at 450°F,
produced severe permanent losses of material properties
in the 7075-T6 material. The actual temperature
exposure history is shown in Fig., 6.6, This effect is
primarily responsible for the large reduction in
strength from that at room temperature and is shown
by both the analytical and experimental curves of Fig,
8.9. To illustrate the probable magnitude of the effect
on the elevated temperature curve the calculations
were also performed assuming that no prior temperature
exposure was prescnt, The results are shown as the
Calculated Reference Curve in Fig., 8,9. This emphasizes
the importence of the material properties problem,
particulerly in aluminum alloy. Fig. 8.9 is also used
to illustrate the effect of using MIL-HDBK-5, Ref,

( 4 ), material properties as ppposed to using the
higher yield stress values obtained from tensile coupon
data. This curve allows for the previous temperature
exposure history, but used Fy = 67000 psi, Ref. ( d ),
instead of Fy = 77750 psi and Fy = 72675 psi for the
basic room temperature yield stress. The comparison
between test and analysis is considered favorable,
especially considering the veriations present when large
reductions of material properties are involved,

‘ FORM M.18.6.)
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Figs. 8,10 and 8,11 show the test-analysis compari=-
son curves for 250°F. unsymmetrical temperature gradients
(tension or compression cover plate hot, opposite
cover plate cool). These curves are also plotted for
the temperature-load sequence +T, +P and do not reflect
permanent set of the structure. The strain gage curing
temperatures exposure history was included and good
agreement was obtained between test and analysis for
the falling leads., This indicates compatibility
between test and analysis material properties (Fy).
However, the marked deviation in the shape of the two
curves indicates some variation in modulus of elasticity
and earlier buckling than predicted using K = 4,325,

No buckling strain data was available; therefore, the
calculated curves are shown for K = 4,325 for purposes
of comparison,

The comparison curves for the 450°F, symmetrical
temperature gradient (cover plates hot, center of spar

. webs cool) are shown in Fig, 8,12, These curves reflect

not only the previous temperature exposure history for

* strain gage curing but additional time at the test

temperatures as well. It should be pointed out that
the cumulative effects on various elements through the
cross-section vary considerably due to the non-uniform
temperature distrivution. For example, cover plate
elsments are affected severely by the 450°F, test temp-
erdture history while the center elements of the spar
webs are relatively unaffected since the temperature
was considerably less (approx. 275°F.). Excellent
agreement is shown throughout the entire load range for
these curves which reflect deformation with temperature
and load applied.

Figs. 8,13 and 8,14 show the comparison curves for
the 450°F, unsymmetrical temperature gradients (tension
or compression cover plate hot, opposite cover plate
cool)., These curves reflect the effects of the total
temperature exposure history from both strain gage
curing and test as in the 450°F, symmetrical gradient
case, The temperature-load sequence is +T, +P and does
not reflect the permanent set of the structure. General-
1y, the test-analysis agreement is good throughout the
load range except for the ultimate on specimen B-6.
Considering the large reduction of material properties
this might be accounted for by some variation in the
yield stress of critical compression elements. In any
case, it should be noted that the calculated curve is on
the conservative side and the deviation is still within
the limits of predictability of present methods at room
temperaturec,
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Fig.8.15 is a summary of all experimental
deformation curves and shows the effect of the large
reduction in strength due to the previous temperature
exposure history for strain gage curing. In general,
the material properties reductions for aluminum alloys
may be considerably more significant than the effects
of thermal stresses on ultimate strength,

Fig. 816 is a swmary of all calculated deforma-
tion curves for a direct comparison, The reference
curve for specimen B-4 is included to further illustrate
the effects of permancnut losses of material properties
on the load-deformstion curves and the ultimate strength.

For permsnent set characteristics and the yiéld
load comparison a summary of calculated permanent set
curves is shown in Fig. 8.,17. Insufficient test data
vas taken to adequately evaluate the permancnt set
problem. However, considering the analytical strain
procedures used to define the load-deformation charact-
eristics, it may be assumed that the test-enalysis
comparison of permanent set curves (+T, +P, -P, -T)
would produce similar accuracy to that shown for the
load-deformation curves,
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FIGURE 8.8

SYMMETRICAL BENDING MOMENT - DEFORMATION CURVE

CALCULATED - TEST COMPARISON

ROOM TEMPERATURE
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FIGURE 8,9
SYMMETRICAL BENDING MOMENT - DEFORMATION CURVE

NORTH AMERICAN AVIATION, INC.
COLUMBUS DIVISION
COLUMBUS 16. OHIO
CAICULATED - TEST COMPARISON
SYMMETRICAL TEMPERATURE GRADIENT
BOTH COVER PLATES

MAXIMUM TEMPERATURE OF 2500F. ON
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FIGURE 8,10

SYMMETRICAL BENDING MOMENT - DEFORMATION CURVE

CALCULATED - TEST COMPARISON
UNSYMMETRICAL TEMPERATURE GRADIENT

MAXIMUM TEMPERATURE OF 250°F. ON
TENSION COVER FLATE
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FIGURE 8,11
SYMMETRICAL BENDING MOMENT - DEFORMATION CURVE

COMFRESSION COVER PIATE

CALCULATED - TEST COMPARISON

UNSYMMETRICAL TEMPERATURE GRADIENT
MAXIMUM TEMPERATURE OF 250°F. ON
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FIGURE 8,12

SYMMETRICAL BENDING MOMENT - DEFORMATION CURVE

CAICULATED - TEST COMPARISCON

SYMMETRICAL TEMPERATURE GRADIENT
MAXIMUM TEMPERATURE OF L50°F. ON

BOTH COVER PLATES

% Critical element is the compression cover plate (Element 1)
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FIGURE 8,13
SYMMETRICAL BENDING MOMENT - DEFORMATION CURVE

CAICUIATED - TEST COMPARISON
UNSYMMETRICAL TEMPERATURE GRADIENT
MAXIMUM TEMPERATURE OF L50°F, ON
TENSION COVER PLATE
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FIGURE 8,14

SYMMETRICAL BENDING MOMENT - DEFORMATION CURVE

CAICULATED - TEST COMPARISON

UNSYMMETRICAL TEMPERATURE GRADIENT
MAXIMUM TEMPERATURE OF LSOOF. ON
COMPRESSICN COVER PIATE
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FIGURE 8,15
SYMMETRICAL BENDING MOMENT - DEFORMATION CURVE

SUMMARY
TEST MOMENT - DEFCRMATION CURVES
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FIGURE 8,16
SYMMETRICAL BENDING MOMENT - DEFORMATION CURVE

SUMMARY

CALCULATED MOMENT - DEFORMATION CURVES

Terperature - Load Sequence (+T, +P) -

(Temperature and Load Applied;
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FIGURE 8,17
SYMMETRICAL BEMDING MOMENT - DEFORMATION CURVE

NORTH AMERICAN AVIATION
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SUMMARY
CAICULATED PERMANENT SET CUR
TEMPERATURE AND LOAD APPLIED;
TEMPERATURE - LOAD SEQUENCE (4T, +P, -P, -T)

‘uy/cuy sﬁﬁam*ﬁoﬂﬁ TeOTITID
820-0- 12070~ 020°0- 910°0~ Z10°0- 800" 0~ 700" 0~ 0

NG/

[
L=8 —

o

N S s RN SO 8‘ﬁl
*BAT="Uf 000°[E€T = p K ‘p-€ e ; 4 —] *
*EQT-"Ut CO0‘POT _ F K ‘i-€ ==
BAL-TYr OO0 ST + F A a‘lm q.lﬁllﬂ\
*BAT-ur COO°LRT- =W ‘i€
*Fat-"ut 000°LES = 0 ‘k-d S-g _|

SqT- Gt 000.[BL = F A , -8
SQT-"YL 000 figE +

SLNTNOM ONDCEEE QTEfX FIeMOTIV

/
/
/
LTpd puel T8 4 \I\

oner

K ‘Li-94 » [-g

1./

00wy
*(T quewary) o%erd J8A0CO UCTSSSXdUWOD 3YY ST JUSWETd TEOTITI) *

B

e LI A

g-0T X °sqr - °uy fquswoy] Suypusg

FOHM H.10.G.1

v




NORTH AMERICAN AVIATION, INC.  na62H-973

COLUMBUS DIVISION
COLUMBUS 16, OHIO Page 147

FORM N-1t.G.8

3 U A ARG VI 123N A T L LTS SR T NS PR T, ST, T TIRCET . LT T T S i E e N LR Y AN

8.3.2 SHORT COLUMN LOAD-DEFORMATION CURVES

This section presents the results of the determi-
nation of load-deformation characteristics for the
short column (erippling) specimens. Specimen A-6 is
not included in this section due to the unique moment
restraint condition encountered during the test., A
rationsl load~deformation comparison between test and
analysis could not be made considering the variation
in bending moment. as the axial load was increased
from zero to failure, However, an analysis of the
gending moment variation is shown separately in Sec.

.2.10

The curves in this section use the axial (compres-
sion) load as ordinate and the critical element strein
for element m as abscissa, The axial load is defined
in _terms of the elastic applied strain ac
P = egpLEnfAy, end the critical element strain is

. em = Fapm/Em + epsm

where, in the case of & compression load acting alone,
the elastic and inelastic terms are

Fapm/Em = eap and epsm = ?ep‘1

Fig. 8,18 shows the loasd-deformation curves of the
tvo room temperature reference specimens compered with
the calculated curve. From Sec. 8.1.2 the local
buckling coefficient for the 0.125 inch cover plate is
defined in Sec. 8.1.2 as K = 4,90. Since this valuc
was quite close to the sverage of that for simply
supported (K = 3.62) and clemped edges (K = 6.35) the
buckling coefficient used for the analysis was K = 4,985,
With no previous temperature exposure history the
materisl properties are the besic room temperature
properties obtained directly from the tadble in Fig,
T.2. As in the bending case, two room temperature
specimens were tested to verify the test reference
curve to be used for comparison., The two specimens
correlated extremely well up to the peak (crippling)
load. Although this pecak load is the most important
for design purposes, the X - Y plotter deta shown
includes the post-buckling (post-failure) portion of
the load-deformation curve for academic reasons, For
purposes of future onalysis it is importunt to define
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the shape of the unloading portion of the curve. The
calculated curve shown compares quite well with the
test data up to the crippling load at which time a
strain cut-off is reached, With all elements in com-
pression the Ramberg-Osgood stress cut-off was taken

as the yield stress for every element in the cross-
section, This is consistent with the yield stress
cut-off used on the compression elements of the bending
specimens described in the previous section. Note

the slight change of slope for both the analytical and
experimental curves at about P = -125,000 1lbs. which
indicates the load at which initial buckling of the
cover plates occurred. These curves do not reflect

the permanent set (or yield) of the structure as the
deformation was obtained with the load acting. It
should be noted that for crippling specimens only small
permenent set may be present at loads just below the
failing load, It is interesting to note that the peak
loads in all cases were attained at or near yield
strain for the critical compression element,

Fig. 8,19 shows the comparison between che ana-
lyticel and experimental losd-deformation curves for
a 250°F. symmetrical temperature gradient (cover plates
hot, channel webs cool)., Elevated temperature strain
gage curing produced a prior temperature exposure
history as shown in Fig. 6.6 and a material properties
evaluation as described in Sec. 7.0. Extensometer and
strain gage data is plotted in addition to the curve
from the X - Y plotter. The deviation in these two
curves is probably due to the large difference in gage
length (approximately one inch for the extensometer and
16 inches for the X - Y plotter). Favorable agreement
between the analyticel and experimental data was
obtained, particularly at the peak, or crippling, load.

The data and curves of Fig. 8,20 are discussed to
some degree in Sec. 8.,2.1 considering the presence of
induced bending moments produced by the initial bowing
from the unsymmetrical temperature distribution, The
general conclusions from Sec., 8.,2.1 and the data com-
parison of Fig, 8,20 were that the magnitude of the
bending moments was such that the axial load-deformstion
curve was relatively unaffected., Favorable agreement
between test and anelysis was obtained considering the
meterial properties variation produced by the strein
gage curing temperature exposurc history.

* FORM M.I1B.G.1
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Fig. 821 shows the results for a 425°F.
symmetrical temperature gradient (cover plates hot,
channel webs cool). In addition to the strain cage
curing temperaturc exposure history, the test tempera=~
ture exposure history is included in these curves for
all elements with a test temperature exceeding 250§F.
(aging temperature). Favoreble agreement is shown
between calculated and experimental curves with the
calculations being slightly conservative.

Fig.8.22 is a summary of ell experimental load-
deformation curves for a direct comparison of the
effects of temperature distribution sgnd temperature
exposure on the peak, or crippling, loads., Specimen
A-6 is included here for reference purposes only., The
temperature distribution on this specimen was e 425°F,
unsymmetrical temperature gradient (one cover plate
hot, opposite cover plate cool). The effects of the
bending moment are clearly shown by the reduction in
peak load from that shown for A-3., If no bending
moment were present, the peak value for A-6 should be
greater than that for A-3 for axial load alone,

The summary of calculated load-deformation curves
is shown in Fig, 823 for direct comparison of crippling
loads. Specimen A-6 is not shown due to the presence
of variable bending moments as described in Sec., 8.2.1.

In all cases, except A-6, the test failures were
crippling fallures of both cover plates. All failures
were symmetrical., The calculations showed the compres-
sion cover plates to be the critical element for all
specimens, which is compatible with the test results,
The test failure of A-6 was similar to the other speci-
mens, but was considerably unsymmetrical. This wes
due primarily to the presence of a bending moment
which produced higher compression loads on one cover
plate. The calculations for the analysis of Sec,

8.2.1 indicated this cover plate to be the critical
elemcnt. No experimentsl or calculated permanent set
data is shown since the effects are quite small prior
to the crippling failure.
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COLUMBUS DIVISION
COLUMBUS 16, OHIO
FIGURE 8,18
BHORT COLUMN LOAD - DxFORMATION CURVE
CALCULATED - TEST COMPARISON
ROOM TIMPERATURE
SPECIMEN NO'S. A-1 AlD A-2
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COLUMBUS DIVICION
COLUMBUS 16. ORKIO

FIGURE 8.19

EHORT COLUMN LOAD - DEFORMATION CURVE

SYIMETRICAL TRMPERATURE GRADIENT
MAXIMUM TEMPERATURE OF 250°F. ON BOTH COMPRESSION COVER PLATES

SPECIMEN NO. A-b
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FIGURE 8,20
SHORT COLUMN LOAD - DEFORMATION CURVE
CALCULATED - TEST COMPARISON
UNSYMMETRICAL TEMPERATURE GRADIENT
MAXIMUM TEMPERATURE OF 250°F. Ol
COMPRESSION COVER PLATE ELEMENT 1
SPECIMEN NO. A-§
D
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COLUMBUS DIVIGION
COLUMBUS 16. OHIO
FIGURE 8,21
SHORT COLUMN IOAD - DEFORMATION CURVE
CALCULATED - TEST CO-PARISON
BOTH COVER PLATES
SPECIMEN NO. A-3

SYMMETRICAL TEMPERATU
MAXIMUM TEMPERATURE OF k25
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COLUMBUS 16, OKIO
FIGURE 8,22
SUMMARY
X-Y PLOTTER: PRESSURE-LOAD TRANSDUCER DATA

COLUMBUS DIVISION

NORTH AMERICAN AVIATION, INC.
SHORT COLUMN LOAD - DEFORMATION CURVE
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FIGURE 8,23
EHORT COLUMN LOAD - DEFORMATION CURVE

SUMMARY
CALCULATED I.OAD-DEFORMATION CURVES

(Specimen A-6 not shown. Refer to Section 8.2.1)
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8.3.3

LONG COLUMN 1.0AD =~ DEFORMATION CURVES

This section precents the resulic of the determination of load-
deformation characteristics for the long column epecimens. The
comparison btetween calculated and experimental results is made

on a somewhat different basis than for the other types of speci-
mens éue to the wide variation in end restraint conditions between
specimens. The end restraint conditiong are evalvated in Section
8.2.2 and surmarized in Figure 8.7. Generally, the peak, or
buckling, loads are compared, but some data is shown for post-
buckling sections of the load-deformation curve, To compare the
calculated and experimental curves the test end restraint con-
ditione were used in the calculetions for each individual epecimen
except in the room temperature case where an average tetween the
two tesi specimens was used,

The curves in this section use the axiel (compression) lcad ae
ordinate and an overall foreshortening strain as abscissa, The
axial load is defined in terms of the elastic applied strain as
P = ey, 2, Enn, ard the foreshortening strain is

ef - (eap 4 ep) * ATI:

where AL reprecents the foreshortening preduced by the lateral

deflect;gn. This data is plotted for the applied load (*P) and the
temverature (*T) both being present on the column., No permanent
set data is shown since the peak loads occur in the elastic stress
region for these long columns. The permanent set data in the post-
buckling region would become important, however, for a long column
acting as a structural renber in a complex structure,

Fipure 8,2 shows the corrected x-y plotter data for the two room
tenmperature columns compared with a calculated curve for an end
restraint coefficient of ¢ = 1.25., This is the average of ¢ = 1.2
for C-2 and ¢ = 1,3 fer C-1, The original x-y plotter data for

the test specimens was corrccted for the deflection of the
spherical ball and socket joint used at the lcading heads of the
test machine since the overall foreshortening deflection measure-~
ments were taken between the heads of the mchine. Since the peak
load at room temperature is vredictable by the Fuler fornmula
anywsy, it ic exvected that the calculated and cxceriment2l curves
should be nearly idertical vp to the perk lozd, The intcresting
portion of these curves is in the rost-buckling area and the ‘strain
at which the final failure cccurs. Test fajlures were identical
and occurred at very nearly the sare strain. A calculated wortion
of the vpost-buckling curve rchcired rearonable apgreenrent with the
test cata considering thit the rost-buckling calculatinng are
sorewhatl armroxirates The Teadk valucs arce ta¥%ca ar the referance
valuas for the determination of apnlied load ratios in Section .0,
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The calculated-test comparison shown in Figure 8,25 for

ecr = -0.001838 in./in. (c = 1.6L3) tends to show that the
critical bueckling lead is affected primarily by raterial pro-
perties and relatively unaffected by the thermal streeses
produced by the symmetrical temperature gradient, The lower
curve for eg, * -0.001L02 in./in, (¢ = 1,25) is calculated for
comparison with the room temperature curve of Figure 8,24 and
the applied load ratios of Section 9.0, The test curve of
Figure 8,25 is based on extensometer data eince the x-y plotter
data)was not complete due to the unexperted high load (-31,700
Ibs. ),

Specimen C-l shown in Figure 8,3 indicales that the effect of an
unsymnetrical temperature gradient on these specimens tends to
produce end restraint conditions very close to a pin end, This
1s indicated by the comrarison of calculated and experimental
data where the buckling strain for purposes of calculation was
taken as ecp = -0,001135 in./in. (¢ = 1.0). x-y plotter data
was used to plot the experimental curve, No correction was
made for ball and socket deflection which accounts for some of
the deviation in test and calculated slopes. The higher cal-
culated curve for egp ® -0,701i02 in,/in. is shown for reference
purvoses since this curve is used in defining the applied load
ratios of Section 9.0.

Figure 827 shows the effect of a symmetrical temperature pradient
and maximum cover plate temperature of LS0°F, As in the 250°F
symmetrical gradient case, the indications are that the peak% load
is primarily affected by material oroperties and is relativcly
unaffected by the thermal stresses. Assuming this is correct,
the end restraint coefficient is ¢ = 1,307 which is fairly
realistic when compared with the room temperature test specimenz,
For ¢ ® 1,307 the critical buckling strain is e, = -0.001L63
in./in. and the calculated curve is shown for thir value, An
additional calculated curve is chown for eqy = -0.C01L0? in,/in,
(c » 1,25) for the applied load ratios of Section $.0,.

The unsymmetrical terperature gradient (450°F mayimum temperatura)
procduced conciderably rore initial bowing than the 2C0°F unsyrmet-
rical condition, Although the initial slope of the test curve

was not correcled for ball and zocket fefleciion, it appears thatl
the slope deviation tetween test and analyeis is produced bty
initial bowing due to temperature rather than end fitting deflec-
tion, This tends to be subslantiated bty comparinz the clope
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" deviation between the 250°F and LSOPF. unsymmetrical gradient

cases, Further substantiation is provided by commring unsymmet-
rical temperature gradicnt test curves with those from the
syrmetrical temperature gracdient tests. As in the 250°F un-
symmetrical gradient case, the peak load attained, as shown in
Figure 8.28, indicates that the initial howing produced an end
restraint condition e¢f ¢ ® 1,0 (pin end). The test peak load
compares favorably with that calculated for ecp = -0,001135
in./in. (c ®* 1.,0). The higher calculated curve chown is for
reference only using ecy ® =0.001L02 in./in, (c = 1.25) for a
coriparison of applied load ratios in Section 9.0 on a common
end fixity basis,

Figure 8,29 is a summary of all experimental long colwrn curves
as ohtained from either x-y plotter or extenrometer data., End
restraint conditions were as defined in Seclion &€.2.2 which
also shows a more detailed evaluation of the test end restraint
problem.

Figure 8,30 is a surmary of calculated loacd-deformation curves
for each specimen and temperature distritution based upon the
end fixity conditions as defined by the test specimens. These
curves were computed for direct comparison with the curves
obtained from test data.

Vith generally favorable agreement obtained between test ard
analysis peak loads the cumrary of calculatled load-deformation
curves shown in Figure 8.31 was obtained for a constant end fixity
of ¢ = 1,25 based upon the average of the room temperalure speci-
mens. The peuk loads obtained from there curves are used to
define the applied load ratios of Figure 9,4 in Section 9.0,
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FIGURE 8,25

LONG COLUMN LOAD - DEFORMATION CURVE

CALCULATED - TEST COMPARISON
SYMMETRICAL TFMPERATURE GRADIENT

MAXIMUM TEMPERATURE OF 2SO°F. ON BOTH COVER PLATES
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FIGURE 8,26

LONG COLUMIN LOAD - DEFORMATION CURVE
CALCULATED-TEST COMPARISCON
UNSYMMETRICAL TEMPERATURE GRADIENT

MAXIMUM TEMPERATURE OF 250°F. ON ONE COVER PLATE
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€OLUMBUS DIVISION
COLUMBUS 16, OHIO
FIGURE 8,28
LONG COLUMN LOAD - DEFORMATION CURVE
CALCULATED-TEST COMPARISON
UNSYMMETRICAL TEMPERATURE GRADIENT

NORTH AMERICAN AVIATION, INC.
MAXIMUM TEMPERATURE OF LSOCF. ON ONE COVER PLATE
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FIGURE 8,29
LONG COLUMY LOAD - DEFORMATION CURVE

COLUMBUS DIVISION
CcOoLUMBUS 16, OHIO
SUMM/ARY - EXPERIMENTAL LOAD-DEFORMATION CURVES
FOR END RESTRAINT CONDITIONS REFER TO SECTION 8.2.2

NORTH AMERICAN AVIATION, INC.
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8.3.4

THERMAL CYCLING LOAD-DEFORMATION CURVES

Thermal cycling tests were performed on eight
specimens for a variety of temperatures, temperature
distributions, applied bending moments, and bending
moment direction., Essentially these tests were
performed by alternately applying and removing the
temperature at some fixed value of bending moment
on the cross-section., All strain date was recorded
from extensometers mounted at the four corners of the
box beam., No elevated temperature strain gages were
used which eliminatcd the necessity of considering
a straln gage curing temperature exposure history in
the evaluation of the material properties, On speci-
mens B-13 and B-~1ll the test temperature exposure
history did not affect the material properties.
Therefore, short time elevated temperature properties
were adeguate to define the material properties,

Two specimens were tested at various levels of
cross-section bending moment for a 250°F, symmetrical
temperature distribution (cover plates hot, spar
webs cool). The first specimen (B-13) was loaded at
room temperature to a bending moment of 315,000 in.-
lbs, Crippling failure of the compression cover
prlate and channel flanges occurred at the first
application of temperature, The strain dats recorded
during the room temperature loading was nearly
identical to that for the original room temperature
bending specimens (B-1 and B-17) and no deta at
elevated temperature was recorded., Temperature
cycling at four values of bending moment was per-
formed on specimen B-11l with the results showr in
Figure 8,32, Generally, this data indicates a trend
toward elastic shakedown at all load levels with
any significant strain accumulation occurring only
at,or very close tc, the ultimate load. Since the
material properties are not changing from one cycle
to the next and the time-temperature relationship
is not sufficient to produce significant creep, the
experimental data shown reflects, essentially, some
strain accumulation, However, the shape of the knee
of the curve and the low strain instability type
failures are indicative of the presence of only small
inclastic effects at load levels just below the
ultimate which results in elustic shakedown, Reference
(b ), after only e small number of tempcrature
cycles. This may infer that significant strain
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accumulation in structures which fail by local
instability is restricted to a very small range

of loads close to the ultimate, The calculated
curve for the temperature-loed sequence shown in
Figure8.32 indicated elastic shakedown at the

first temperature cycle at all load levels. This
indicates the sensitivity of the shape of the

curve and the necessity of defining the element
yield stress quite accurately if analytical strein
eccumulation studics are to be performed accurately,

Two specimens (B-16 and B-12) were tested in
a 450°F. symmetrical temperature environment for
various bending moments on the cross-section,
Temperature exposure histories and the variation
of material properties during the test (Tables 2
and 3 of Figure 717 ) affect the element strains
in these cases. This variation is accounted for
in the determination of the analytical data points
shown in Figures 8,33 and 8,34. . Spceimen B-16
experimental and analytical date shown in Figure 8.33
were obtained for loads well below the static
ultimate loead, and reflect, primarily, the effeccts
of materiel properties variation with an increase
in tempereture cycles, The favorable comparison
between analytical and experimental data points and
the small strein change between cycles is indicative
of small changes in material properties only. No
curves are drawn since the previous strain history
affects the strain at each succeeding load level,
Therefore, the curves would not be representative
of a true thermal cycling curve. Seven complete
temperature cycles were applied to specimen B-1l2
at a fixed value of bending moment yielding the
experimentel data shown in Figure 8.34% The calcu-
lations vwere performed for a fixed number of tem~
perature cycles at three different load levels with
the two lower loads showing clastic shakedown at
the first temperature cycle., At a load near the
ultimate both the analytical and experimental data
show some strain accumulation. The small changes
in material propertics and the short time intervals
between cycles indicate thet creep and material
properties variation between cycles probably
represent only a small part of the accumulation,
This, coupled with the fact that both the tension
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and compression cover plates were inelastic
indicates some thermal cycling strain accumulation
to be present. In addition, the experimental data
indicates a trend toward elastic shakedown at the
seventh cycle, The comparison of analytical and
experimental data is considered favorable in light
of the materisl properties variation and variations
in the shape of the stress-strain curves. With the
compression clument critical and the mode of failure
as local instability, the tendency to elastic
shakedown is shown even at very high loeds.

To investigate the effects of both positive
and negative bending moments on beams with unsyme
metrical temperature gradients present the final
group of four specimens was tested in a controlled
temperature environment and temperature exposure
history. Two specimens (B-10 and B-15) were tested
for the 450°F. unsymmetrical gradient condition with
the applied bending moments producing tension on
the 450°F. cover plate. Two specimens (B-9 end
B-14) were tested for the h50°F. unsymmetrical gradient
condition with the applied bending moment producing
compression on the 450°F. cover plate, The intent
of this portion of the study was to compare and
evaluate .the strain accumulation for a given tempera-
ture enviromment and history for critical compression
elements and critical tension elements., For this
comparison seven temperature cycles were applied to
each of the four specimens at some specified bending
moment, The calculations were performed for seven
temperature cycles at several bending moment values
in the range of the applied test moments, The
maximum temperature (450°F.) and the time at maximum
temperature during initial loading and at each
temperature cycle were controlled as closely as
practicable to produce uUniformity of temperature
environment between specimens, The temperature
distribution through the cross-section could not
be as easily controlled as shown by Figures 6.15 snd
6,16, Therefore, the variation in element temperatures
between specimens affects the material properties,
and, consequently the shape of the load-deformation
curve, The experimentel curves for B-10 and B-15,
and for B-9 and B-1L -indicate the effect of material
property varistion between specimens to be relatively
small,
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The critical tension eclement curves for
specimens B-10 end B-15 illustrate typical strain
accumulation at both load levels with a tendency
toward elastic shakedown after a very limited
number of cycles. It is possible that elastic
shakedown would not occur, however, since the
accumulating temperature exposure history is pro-
ducing continually decreasing material properties.
In addition, creep effects could become significant
as time at temperature is increased. The calculated
dats shows a similar trend but the correlation with
test data is highly dependent upon the accuracy of
the material properties, particularly the yield
stress of the material, Any variation in the yield
stress affects the sensitivity of the strains in
and beyond the knee of the stress-strain curve.
From Figures 8,35 and 8,% it is apparent that the
yield stress values for critical extreme fiber
elements in the analysis were somewhat higher than
the actual values for the specimens, It should be
noted, however, that only a 5% variation could be
serious when strain calculations in the knee of
the stress-strain curve are involved,

Specimens B-G and B-1k defined the critical
compression element curves as shown in Figures
8,37 and 8,38. Both specimens showed small strain
accumulation effects and rapid shakedown to the
elastic case similar to previous specimens where
the critical element was the compression cover
plate, As in the tension case the calculeted data
showed results similar to the experimental data
(either no strain accumulation or small accumula-
tion and rapid elastic shakedown), The elastic
shekedown occurs fairly rapidly in temperature-
load environments of this type for several reasons,
The inelastic effects present on the hot side, with
compression loads acting, are directly related to
the buckling of the cover plate. The cool side,
with tension loads acting, has considerably higher
material properties, thus, delaying the onset of
inelastic strain, Furthermore, with buckling
occurring on the hot side, the neutral axis tends
to shift toward the tension side and further delays
the onset of inelastic strain on the tension side.
For true thermal cycling strain accumulation to
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occur in bending, both sides of the beam must

be inelastic. This, coupled with the fact that
the compression instability failure is essentially
a low strain failure, tends to explain why very
little strain accumulation occurs at loads Jjust
below the failing load for specimens B-9 znd B-lk,

Comparing the curves of B-10 and B-15 with
those for B-9 and B-14 illustrates the differen-ze
in strain accumulation when the hot side is in
tension and when the hot side is in compressiorn.
The greater strain accumulation shown by B-10 ard
B-15 is produced by the fact that the inelastic
effects tend to occur on both cover plates as
opposed to B-9 end B-l4 where, in general, the
inelastic strains on the tension covers of B-9 and
B-1k are reduced as described in the preceding
paregraph., This effect is noted in both the
enalytical and experimental data. However, the
comparison between test and analysis can only be
made on a qualitative basis to define the relative
effects of strain accumulation due to the sensie-
tivity of the yield stress and shape of the stress-
strain curve,

For plotting purposes the ordinate and
abscissa are as defined in Section 8.3.1 for the
bending specimens,
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FICURE 8,33

.
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EMPERATUR

THERMAL CYCLING ~ 450° F. SYMETRICAL

GRADIENT (MAXIMUM TEMPERATURE ON BOTH COVER PLATES)

SPECIMEN NO, B-16
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FIGURE 8,3k
SPECIMEY NO. B-12

THERMAL CYCLING - 450° F. SYIG:
GRADIENT (MAXIMUM TEMPERATURE ON BOTH COVER PLATES)
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FIGURE 8,37
THERMAL CYCLING = 450° F, UNSYMMETRICAL TEMPERATURE

GRADIENT (MAXIMUM TEMPERATURE ON COMPRESSION SIDE)
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. FIGURE 8,38
THERMAL CYCLING = 450° F. UNSYMMETRICAL TEMPERATURE

GRADIENT (MAXIMUM [EMPERATURE ON COMPRESSION SIDE)

*UT/°UT ‘UTBI3S #IUSWSTE TEOTFTID

020°0—- 8T0°0- 9I0°0—- YT0°0~ e10°0- OIC°0- 800°0=- 900°0- ° WCO°0~ c0C* 0~
mﬁﬁan JoA00|uoTssaadyfod oyq sT) JusweTq YeOTHTIo:
eied Hmoﬁphamc<.lllm \\
opTs porssoadudo uo
SI23qUOSUSIXD puy JO 85¢a10AY)
. rieQ TRauswTIddxy —Q@
/
(uo| aanjexadyay ) \\
a12Lh ohﬁ»dhmﬁ&o&'@ \
- (d+*I+) 4
aousnbag|peoT-aunseasduwa] /
) Hmp&ﬁﬁgll/V\\\
(YoTreTrumopy utesi}g o) P
Ve

SPECIMEN NO, B-14

o-0-

d

Ik
I

pusnbag ps
saan) |

b
™

(d+ *1+)
oI-aInje
ajBInoTEN

6000

o7-

O
U
!

(@]
N
i

!

O
e
(= 2

[}

2
|

ore-

case~

£-01 X °*sqr=~*ug Squawor] Surpusg

H-18-G-1




NORTH AMERICAN AVIATION, INC.
COLUMBUS DIVISION NAG2H-9T3
COLUMBUS 16, OHIO Page 179

<

9.0 APPLIED LOAD RATIOS

The structural design (and test) condition which
includes both a load and temperature environment{ may, under
certain circumstances, be adequately simulated for test
purposes by the loed environment alone, Considering axial
load and/or bending moment, no cross-section warping, and
precluding shear or Jjoint failures the elevated temperature
static test may be simulated at room temperature if the
applied load ratios consider certein specific factors,

For a realistic definition of elevated temperature structural
integrity the following factors must be considereds

1, Variation of material properties through the
cross-section where the reduction of material
properties on any structural element must, in

" some ceses, allow for the effects of previous
complex temperature exposure histories,

2. The effects of thermal stresses,

3¢ Inelastic stress-strain relationships,
4, Buckling,

5 Possible use of mixed materisls,

The load~deformation procedures described in this report
allow for these factors and provide a mesns wherebdy an
applied load ratio can be defined for ultimate load,

yield load defined by the 0,002 in,/in, offset strain,

or any other desired value of permasnent set.,. In addition,
these procedures allow for temperature-load sequencing
vhich indicates & possibility of simulating thermal cycling
vith either a single temperature cycle or a single static
test at room temperature.

This section describes and compares the analytical
and test results in terms of applied load ratios for the
bending, short column (crippling), and long columns,
Calculated ultimate applied loed ratios are compared
directly with the test values and typical calculated yield
load ratios are compared with the calculated ultimate load
ratios for the bending specimens, The tables illustrate
vhat might be expected as typical applied load ratios for
7075-T6 aluminum alloy structures when subjected to tempera=
ture environments and exposure histories similar to thosc of
this study,.
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9.1 TEST SUMMARY AND ANALYSIS COMPARISON

9.1.,1 BENDING SPECIMENS

The ultimate applied load ratios for all
bending specimens are shovn in Figure 9.1, This
table shows the ultimate (failure) bending moments
from both test and analysis along with the per
cent deviation of the calculated value from the
test value, All test failures were a general
instability (erippling) failure of the compression
cover including the flanges of the channel spar
webs, Calculations showed the compression cover
plate to be the critical element in gll cases,

The agreement is conslidered quite favorable since
the deviations, in most cases, are well within

the accuracy afforded by material properties
variation alone, particularly when complex tempera-
ture exposure histories are involved, In addition,
Figure 9.1 compares the calculated and test applied
load ratios where the applied load ratio is a
multiplying factor on the applied loads at elevated
temperature and is defined by

(hart, g, 7,

Ruig, = T ).

1t. )E.T.

where the values of (Mulb.)g p, Vere taken as

329,500 in,-lbs, and 345,000 in,-lbs, for test

and analysis ratios, respectively, Generally,

good agreement was obtained with the positive
deviations indiceting the analytical procedures

to be slightly conservative, The use of MIL~
HDBK~-5 material properties (as required for design)
would ensure conservatism in the simulated test

at room temperature when used in conjunction with
the load-deformation technique described in this
report.

A comparison of calculated ultimate and
calculated yield applied load ratios is shown in
Figure 9.2 to illustrate the fact that it may be
necessary to define applied load ratios for each
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structural design criterion, This also serves

to define which criterion is critical, such as

yield or ultimate, The calculated ultimate

moments and applied load ratios shown are based

on the cut~off moment defined by the load~deformation
curve with temperature and load acting (temperature-
load sequence, +T, +). The calculated yield
moments and applied load ratios are based on the
epplied bending moment defined by the 0,002

in./in. offset yield strain on the critical element
load-deformation (strain) curve with temperature

and load applied and then removed (temperature-

load sequence, +T, +P, =P, -T), The yield applied
load ratios are multiplying factors on the applied
load at elevated temperature and are defined by

(Myierd)p o,
(Myield)E.T.

Ryield =

vhere the calculated value of (Myjelq)y o 1B

Figure 9,2 is 324,000 in,~lbs, Insufficient test
data was available for comparison of calculated
end test yield values, However, satisfactory
agreement between test and analysis curves with
temperature and load acting (+T, +P) implies, at
least, favorable agreement between calculated and
test permanent set curves defined by the tempera=-
ture-load sequence +T, +P, -P, T,
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9.1.2 SHORT COLUMN SPECIMENS

The applied load ratios for the crippling
loads of all short column specimens are summarized
and compared in Figure 9.3, All test and calcu=-
lated failures were similar with the 0.125 inch
cover plates being the critical elements, The
agreement between test and analysis crippling
loads is quite good, especially considering the
material properties variation when complex tem=-
perature exposure histories are involved, The
epplied load ratios are multiplying factors on
the applied loads at elevated temperature and are
defined by

R = (PCC) R,T.

({4
cC E.T.

where the values of (PCC)R.T. were taken as

-221,000 lbs, and =-223,600 lbs, for test and
enalysis ratios, respectively, As in the case
of the bending specimens the use of MIL~HDBK«S
material prperties would ensure concervatism for
calculated applied load ratios used to perform
the simulated elevated temperature static test
at room temperature,

No yield values are shown since the crippling
failures occur near yield strain and the permanent
set effects for the specimens in this study were
quite small until the peak, or crippling, load was
reached, It does appear, however, that another
importent structural design criterion should be
related to permancnt buckling in addition Lo the
0,002 in./in, offset yield and the ultimate
strength, This is particularly true when the
thermal streins from non-uniform temperature
distributions have a severe effect on the initial
buckling of plate elements in the cross-section,
For many structures which fail by local instability
it may be that the permenent buckling criterion
should replace the 0,002 in,/in, offset yield,
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Although not investipgated in this study, the use
of load-deformation (strain design) techniques
seems to offer g means to define the point at
vhich permanent buckling occurs, The relative
shape of bending and compression load-deformation
curves seems to indicate that a-structural design
criterion associated with permanent buckling uway
epply more to compression produced by bending than
by a compression load elone, In eny case, some
consideration should be given to further studies
related to the experimental and snalytical deter=-
mination of permanent buckling, With permanent
buckling defined at both room and elevated
temperature an applied load ratio could be defined
as for the 0,002 in,/in, offset yield and ultimate
load,
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9.1.3 1ONG COLUMN SPECIMENS

The variation in test end fixity between
column specimens would not allow a compatible
comparison of applied load ratios, However, to
demonstrate the procedure, calculations were
performed for all column specimens for a given
column buckling strain (eqp = =0,00L402 in,./in,)
vhich corresponds to an end fixity of ¢ = 1.25
which was the average test value for the two room
temperature specimens, The calculated applied
load ratios are summarized in Figurc 9.4 to
illustrate the effect of various temperature
distributions on the applied loads for roon
temperature simulation, The applied load ratios
in Figure 9.4 are calculated by '

(Foax) g7,

A )

The comparison of the calculated peek loads and

the Euler buckling loads indicates the major

effect on the maximum load to be produced by
material properties variation and initisl bowing

of the column induced by unsymmetrical temperature
gradients through the cross-section, Note par-
ticularly colmn specimen C-5 which seems to indicate
that the peak load is still very close to P
defined by

Per = €cr 2, EnAp

P

er as

despite the presence of comparatively large thermal
stresses as long as the temperature gradient is
symnetrical, This may not be true, however, if
buckling is produced by the thermal stresses, No
data is avellable to substantiate the eritiecal
buckling load versus maximum load comparison in
this case, :

He12- G
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FIGURE 9.4

SUMMARY — CALCULATED PEAK APPLIED LOAD RATIOS
LONG COLUMN SPECIMENS
Based on end fixity coefficient, ¢ = 1.25

€cp = -0.001402 in./in.

[ COLUMN TEST CALCULATED CALCULATED EULER¥®
SPECTMEN TEMPERATURE PFAK PEAK LOAD BUCKLING
No, CONDITION LOAD, LBS. RATIO LOAD, LBS.
c-1 R.T. -26450 1.00 -26l50
c-2 R.T. -26450 1.00 -26450
c-3 250%max. .
(symnetricel) -2k12n 1.097 -24150
c-k 250%mex.
(unsymmetrical) -23200 1.140 -2k650
c-5 450%max.
(symmetricel) -17920 1.8 -18200
c-6 450%max.
(unsymmetrical) -18850 1.40b -22080

* Pop = e, zEnAn (Reference only)

FOAM H.10.6.3
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9.1,4 THERMAL CYCLING SPECIMENS

Although load-deformation curves are
presented in Section 8,0 for the thermasl cycling
specimens, no table of applied load ratios is
shown, The applied load ratio procedure could
be used, hovwever, by selecting some specific
design criterion, such as 0,002 1n./in. offset
(yield), some fixed value of total strain, or
ultimate load. In general, the most important
thermal cycling curve to consider for simulation
at room temperature is the elastic shakedown
curve, This is the lowest of the thermal cycling
curves and represents a different nurber of
temperature cycles at each load level. The
elastic shakedown curve 1s representative of
ailrcraft, or other vehicles, where more than
one temperature cycle is expected or various
types of missions are to be performed, Using
this curve the applied load ratio may be based
on some specific maximum total strain or maximum
permanent set strain rather than failure, or the
number of cycles at failure (elongation of the
material) may be selected as the design criterion,

H-1E-G-)
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9.2 COMPARISON WITH SIMPLE APPROXIMATR RATIOS

As pointed out in Sec. 1.0 many contractors have used various forms
of simplified epproximate applied load ratios to simulate en elevated
temperature statlic test st room temperature. Many of these ratios
have considered only the reduction in basic materiel properties
(Ft“, Ft s Foy, or E), and some have considered material properties
reduction plus the effect of the addition of thermal stresses to the
applied stresses. Usually this latter case has been defined by
adding elastically the epplied and thermal stresses. This section
purports to show how some of these approximate ratios compare with
the actual test results of the specimens tested in this program and
also how they compare with the lnrd-deformation ratios investigated
in this study. Note that in certain instences a simplified ratio may
compare quite favorebly with the test, but the only consistently favorable
agreement was obtained using load-deformation ratios. The following
sections define the approximete ratios used and show specific examples.
The resulting ultimate spplied load ratios are tabulated for comparison
with the load-deformation end test results.

9.2.1 BENDING SPECTMENS'

Four epproximate procedures for obtaining epplied load ratios
were investigated.

(a) Material properties reduction only where the yield stress
(Fty or F,y) of the hottest element wes compared with
the room temgcrature yield stress of the element.

(v) Material properties reduction only where the bLending
stiffness (EI) of the cross-section at temperature is
compared with the room temperature EI.

(c) A somewhat more realistic use of basic material propertics
alone where the yield stress (Fty or Fc ) of each element
in the cross-section is considered by comparing ZEF& An yu

at temperature with szn n ¥n at room temperature.

(d) Material properties reduction plus the elsstic sum of the
applied and thermal stresses compared to the yield stress
of the critical extreme fiber compression element.

The methods used for cases (a) through (d) ebove ere demoustrated in
the example below using data from bending specimen B-3. For case (a)
the room temperature Fy and critical elevated temperature F., are
7775 ci and 20600 psi, respectively. The applied load ratio is
;%g = 3.8l. The yield stresses are from Fi,. T.1h and include all
leva e temperature effects involved with the temperetuwre-time history.
This procedure docs not allow for the presence of thermal stresses

but is considerably over-conservetive for all six specimens as shown
in Fig. 9.5.

e SN o
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For case (b) the bending stifgness parameterg (EI) at room and
elevated temperature are 96.5 x 10° and 70.8 x 10 , respectively.
The applied load ratio is

96.5 x 105
R = o Ib = 1363

This procedure does not account for thermal stresses and provides a
very unconservative estimate of the applied load ratio as shown by

the comparison in Fig. 9.5 . However, the highly unconservative

margin in this case is not attributed to neglecting the thermeal stresses.
The failure of specimens of this type is primarily a function of the
yield stress of the materiel which has sustained a marked decrease

not only due to the test temperature, but also because of the

previous elevated temperature history. The modulus of elasticity of
the materiel does not decrease as sharply with temperature and is
reletively unaffected by previous elevated temperature history. The
effects of the reduction of F,, are much more influential in this case
then either the thermal stresses or the reduction of E with temperature,
therefore, the use of EI ratios would be & very poor choice for test
simulation.

Case (c) is a more realistic approach to an approximate applied
load ratio considering material propertics alone. The calculations
for defining the psuedo-yield moment values are shown in the follovling

- table.

EL??T An 19adp,n, [Fyodp.m, | Fyatidndp o f Oadp.n, | Fyndg g, | Fyaho¥adg o,
1 10.625| 1.9375| ~77750 -9k ,200 1.9385 | -20600 -29,450
2 |0.125 | 1.9375} -T7750 -18,820 1.9385 | -29550 - 7,160
3 ]0.2806] 1,782 | -72675 -36,300 1.783 -29650 -14,830
4 ]0.386 | 1.5875| -72675 -4k, 500 1.5885 | -31250 -19,150
5 0.2804 0.75 -T2675 ~15,280 0.751 -34000 - 7,160
6 0.2804 o 72675 0 0.001 -34750 - 10

-7 10.2804 -0.75 72675 -15,280 -0.7h9 34750 - 7,310
8 10.386}-1.5875| T2675 -4k, 500 -1.5865 31750 -19,450
9 10.2806} -1.782 72675 -36,300 -1.781 29450 -14,710
10 ]0.125 | -1.9375| T77150 -18,820 -1.9365 | 28650 - 6,940
11 0.625 | -1.9375{ 77750 -9l , 200 -1.9365 20600 -24,930
2 -418,200 -1146,600

The element yield stresscs in the above table are from Fig. T.lh and
include the effects of a previous tcmperature history. The applied
load ratio is

TR I N ey, S
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Although this procedure does not allow for the presence of thermal
stresses, the comparison table of Fig.9.5 shows this procedure to be
quite conservative in all cases. Comparison of these ratios with the
test ratios also indicates that the reduction in bending strength is
predominantly a function of the yleld stress. However, these results
should not be interpreted to establish the relative importance of
material properties end thermal siresses since the material property
reduction is exaggerated by extreme elevated temperature histories prior
to testing. Considerable veriation in the relative importance of
material properties and thermal stresses in a realistic design
situation cen be expected vwhen severe temperature history environments
affect the recovery of basic material properties.

Case (d) reflects the reduction of materiel properties plus the
elastic sum of the applied and thermal stresses. The alloweble applied
stress is considered to be the difference between the yield stress of
the critical extreme fiber element and the thermal stress on that
element where

(th)allowable = Fy - Fp

From this allowable extreme fiber stress a psuedo-allowable elevated
temperature bending moment is calculated by

M= (Fap) g110uenle (BI)

Im By

A value of M 1s also calculated for room temperature by the seme

expression for comparative purposes, For specimen B-3, (Fap) alloweble =

-20600 + 8130%= -12470 psi and

-12h7o (70 8 x 104)

= - 0 .- .

The room temperature moment calculated on the same basis is

_ 6
M o= 277750 (96.5 x 1) _ 387 060 in.-1bs.

1.9375 (10.0 x 10°)

end the applied load ratio for the cross-section is
R= 2000 g s,
-67,000

The results for all specimens sre summarized in the table in
Fig. 9.5 and compared with the actual test ratio and the load-deformation
procedure investigated during this study. Note that the use of the
hot element yield stress ratio produces &n over-conservative estimate
of the epplicd load ratio which is due primarily to the fact that no
allowance is made for cooler elements in the cross-section which have
higher yield stress values., Consequently, even greater conservaeticm

% From IBY calculations for Speceimen B-3.

g LRI % e
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is noted in the applied plus thermal stress ratio due to the addition

of the thermal stresses., This indicates, when compared with the test
ratios, that the primary effect i8 the reduction of meterial properties
and the thermal stresses have little effect on the failing bending
moment. This is further shown by the generally good agreement between
the load-deformation procedure and the test values. The load-deformation
procedures place proper cmphasis on the reduction of material properties
and on the thermal stresses which, as may be secn in Fig. 9.5,

become more important as higher temperatures and steeper temperature
gradients ere encountered.
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9.2,2 SHORT COLUMN SPECIMENS

As in Section 9.2,1, four approximate
procedures for obtaining epplied load ratios
were investigated,

(a) Material properties reduction using
only the yield stress of the hottest
element compared with the room tempera-
ture yield stress,

(b) Material properties reduction using
axial stiffness as parameter where
ZEpAp at elevated temperature is com-
pared with that at room temperature.

(c) More realistic use of material properties
where ZFyn Ap at elevated temperature is

compared with that at room temperature,

(d) Material properties plus the elastic
sum of the epplied end thermal stresses
compared to the yield stress of the
critical element,

(a) through (c¢) have no allowance for thermal
stresses while (d) considers only the elastic
stresses on the critical element,

The limited dsta shown in Figure 9,6 shows
results similar to those in Figure 9.5 for the
bending specimens, Method (a) is considerably
over~conservative since it does not allow for other
elements in the structure which may have higher
yield stresses, Method (b) is quite unconservative
since the modulus of elasticity is relatively
unaffected by severe temperature exposure histories
as to recovery of material properties, The use of
ZFyn Ay produces somewhat more realistic applied

load ratios on a simplified basis, but still some-
what conservative in many cases, This indicates
the major effect to be produced by the variastion
in yield stress with temperature through the
cross=section for an ultimate load comparison,

H-1E-Ge 1
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The use of applied plus thermal stresses on the
critical element is considerably over~conservative,
primarily because the elastic stresses are conside
ered on the criticel element only where no
allovance is made for other elements in-the crosse
section,

As for the bending specimens, the loade
deformation ratios are generally the most realistic
but still tend to produce slightly conservative
results in most cases, In the design case, the
use of MIL-HDBK~5 material properties would ensure
conservatism in the majority of cases, Using
material properties defined by tensile coupon
tests the load~deformation ratios compare most
favorably with the test results since the load-
deformation procedures place proper emphasis on
the factors affecting both room temperature and
elevated temperature strength,

H-18-G-)
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10,0 FASTENER EVALUATION

Fabrication of all bending, thermsl cycling, and short
column specimens incorporated either NAS 464 close tolerance
bolts or HS52P close tolerance Hi-Shear rivets, All long
column specimens were fabricated using NAS 464 close tolerance
bolts. This type of fastener was selected primarily to
preclude any fastener failures which would interfere with
the primary purpose of the test; i.,e,, to define the load-
deformation curve of a given cross-section in a given
temperature environment. Close tolerance fasteners were
required since the combination of bolt spacing and tolerances
on standard bolts and drilled holes could conceivably exceed
the temperature expansion strain («AT) of the cover plate
elements and possibly reduce the thermal stresses in the
cross-section, For purposes of this study it was essential
that the thermal stresses be as high as practicable,

For the small amount of buckling strain data involved
and only two bending and two short column specimens there
vas an indication that the Hi~Shear rivets may have produced
slightly better edge conditions than the bolts instelled
vwith & normal installation torque of about 70 in,~lbs,
However, the difference was small (K = 4,3 to about K = 4,9)
end the data from both bending and compression specimens
indicated that this difference was more likely due to the
type of loading where the bending radius of curvature, inward
skin panel buckling, and slight rolling of the channel flanges
tended to reduce the edge restraint slightly for the compres~
sion covers of the bending specimens, Therefore, it may be
concluded that the use of rivets or bolts for the same
spacing had a negligible effect on the panel edge restraint
conditions,

The comparison of celculated and test loed-deformation
curves and rendom spot-checking of some thermsl strain data
(no applied load) indicates the joints to be fairly tight,
allowing the crossesection to deform as an integral structure,
In evaluating sll of the bending specimens no particular
trend was noted as to deviation of calculated load-deformation
curves with the test curves for any type of fastener,

No evaluation of Joint conductance was made nor con-
sidered necessary to achieve the objectives of these tests,

H-18-G-1
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11,0 PROCEDURE FOR STATIC TEST COMPONENTS

Basically, the load-deformation procedures described
in this report are a cross=-sectional analysis gnd would
apply, typically, to a wing, stabilizer, or fuselage station,
The methods are, at present, confined to the simulation of
tests where bending and/or exial load are the primary modes
of failure, Shesr, torsion, and combined load failures are
precluded, but further studies should investigate these
effects, both singly and in combination, In defense of
vhat might appear to be an over-simplification, it should
be noted that a large number of static test major structural
failures are either tension, or compression instability
collapse where the tension and compression are produced by
bending or combined bending and axial load, This loading
is particularly true of missiles, end the use of room
temperature simulation is particularly amenable to missiles,
or missile sections, where extremely severe temperature
environments may be encountered,

In order to perform the elevated temperature static
test at room temperature using epplied load ratios it is
first necessary to cbtain the load-deformation and permanent
set curves for a number of cross-sections elong the span of

-the component, These curves are obtained for both the design

elevated temperature condition and for room temperature,
The methods of Section 3,0 (or similar methods using strain
design techniques) are employed to obtain the necessary
curves for defining the applied load ratios. This does not
imply, however, that large numbers of separate calculations
need to be made at the structural test phase of a vehicle
program, Methods such as those in Section 3,0 actually
represent the design analysis tool which should be used at
the design phase of the vehicle program, in which case the
design elevated temperature condition curves would already
be availaeble, Since nethods of this type require high
speed digital computers for solution anyway, it is a rela-
tively simple matter to change material properties to the
room temperature values and recalculate the critical cross-
section or cross-sections to obtain the room temperature
curves,

From the design enalysis the critical cross-section is
selected and the applied load ratios obtained for ultimate
load, yield load (permanent set), end for any other design
ecriteria required to substantiate the structural integrity
of the component, These multiplying factors are espplied

H-18-G-1
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to the loads and/or moments for the original design
condition to obtain the loads and spanwise load distribution
for the simulated test at room temperature.

It may be that several critical cross-sections need
to be investigated since some variation in design condition
may exist, It is also possible that a given cross-section
vhich is critical for ultimate load may not be the critical
cross~section for yield or permenent set criteria, In this
case it would be necessary to bese the ultimate applied
load ratios on one crossesection and yield applied load
ratios on another,

Since an increase in applied loads (such as air loads)
is involved, the net effect is an overall increase in shear,
bending moment, end torque on any given surface at room
temperature, The sttendant increase in shear stresses
should be investigated to ensure that no premature or undue
shear failures will occur at the higher loads on the room
temperature structure,

This procedure may work well for establishing overall
strength and rigidity for large components in extreme
temperature environments but does not preclude the testing
of specific splices, fittings, small components, etc. at
elevated temperature, Some fastener evaluation at elevated
temperature may also be required to support the simulated
elevated temperature program at room temperature,

H-18-G-1
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12,0 CONCLUSIONS AND RECOMMENDATIONS

Generally, it may be concluded that within the limits
of this study the simulation of elevated temperature static
tests at room temperature may be performed in a satisfactory
manner if the room temperature and elevated temperature
load-deformation curves are defined on a compatible basis,
Considering the necessity of obtaining accurate strain and
deflection data in a severe elevated temperature environment
vhere the temperature distribution may be inaccurate, it
may be that the room temperature test would be more reliable,
produce more accurate date, and, at the same time, be
considerably more economical than the elevated temperature
test.

From the standpoint of design, analysis, and test the
problem of material properties and material property evaluse-
tion is most important, particularly for alwminum alloy,
Complex temperature exposure histories producing permanent
losses of material properties must be accounted for in the
design of airframes, Data from Reference ( e ) presents
an excellent means whereby accumulated time~temperature
histories can be considered., It is recommended that the
basic principles end procedures of Reference ( e ) be
expanded to consider other structurslly important materisls
for aircraft, missiles and space vehicles, In addition,
44t was noted that for strain-sensitive problems such as
thermal cycling and fatigue (room temperature and elevated
temperature) the shape of the stress-strein curve and more
precise definitions of yield stress are importent, It should
be noted that the 7075-T6 aluminum alloy used in this study
behaved in a stasble, uniform, and fairly predictable manner
at temperstures of 4S0°F, for short times even when previous
temperature exposure histories at LBO°F, severely affected
the basic properties,

It appears that strain design procedures used to define
load-deformation characteristics could include fatigue
effects if some parameter related to overall deformation
(strain) could be derived or defined by fatigue studies at
a more basic level; i,e,, studies associated with the basic
mechanism of fatigue,

H1E-G-1
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Additionsl studies considered important in the
structural evaluation and test phases are associated with
shear stresses and more optimum use of matrices to more
fully eveluate the problems, The shear stress distribution
in beams with inelastic bending stresses present may be of
particular importance in shallow, thick spar webs, Pree
liminary calculations have indicated a consideradle rise
in shear stress near the neutral axis in thick sections,

In certain materials this could be quite serious and some
investigation should be considered where a combined analytical
end experimental program could be performed to evaluate the
seriousness of the problem and provide procedures similar

to those shown in this report for design and test evaluation,
In addition, the inclusion of inelastic effects in more
optimum matrix procedures for indeterminate structures would
allov large numbers of elements to represent more realis-
tically en entire structure, This would eliminate the
assumption of plane sections used in this report and allow
evaluation of more complex structures where cutouts,
sweepback, varying spanvwise and chordwise temperature
distributions, and other factors add to the complexity of

the problem, Generslly, the aim is to extend the cross=-
section analysis procedures shown in this report to include
entire structural component:-

Some counsideration should also be given to defining
permanent buckling criteria, particularly for structures
operating in severe non-uniform temperature environments
vhere initial buckling, end, consequently, permanent buckling
are directly affected by the presence of temperature~induced
strains (Lhermal stresses),

Another factor related to the design of elevated
temperature vehicles is that a more sound, rational basis
must be esteblished for material comparison and selection.
Short time material properties at temperature are not
necessarily, indicative of the best materiasl in any given
temperature environment end are wholly inadequate as &
eriterion when the mission profile and mission variations
ere considered, Of immediete secondary importance to the
short time properties is a knowledge of the elongation of
the material, not only in the longitudinal direction, but in
the transverse and short transverse directions as well,
Creep and material recovery properties for temperature and
load exposure histories for some expected life of the vehicle
must be considered., Material properties alone do not define
the problem, but a strength and deformation analysis of
representative sections of the vehicle could be made to more
fully evaluate the materials under consideration,
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Although this study was primarily concerned with static
test simulation at room temperature, another possibility
arises which may be equally important, Using the load=
deformation procedures the static tests could be performed
in some lesser temperature environment{ than the actual
temperature environment (not necessarily at room temperature)
in cases of extremely severe design temperature conditions,
For some future vehicles the electrical power requirements
for heating lamps msy be far beyond that which is available
in many existing structurel test laboratories at the present.
time, In addition, it would be uneconomical to attempt to
perform elevated temperature tests in temperature environ-
ments beyond the state~of-the«art for strain measuring
devices,

Assuning that it is considered necessary to perform
the elevated temperature static test in the actual design
temperature environment, the temperature distributions
through the cross-section must be maintained as well as the
surface temperatures neerest the heat source, It is
unlikely that these distributions can be easily maintained
within acceptable limits considering variations in conduc-

~tivity and additional heat sinks provided by loading Jigs,

etc, Therefore, the load-deformation techniques could be
employed to determine load-deformation curves for the
theoretical and test temperatures and temperature distrie-
butions to define whether the test had adequately verified
the structural integrity and permanent set characteristics
of the component,

o
He1e-C-



NORTH AMERICAN AVIATION, INC.
COLUMBUS DIVISION
COLUMBUS 18, OHIO

NAG2H-9T3
Page 204

IR 2N

s

e -

APPENDIX A

TEST DATA




NORTH AMERICAN AVIATION, INC.

COLUMBUS DIVISION
COLUMBUS 16. OHIO

NA62H-973
Pape 205

Stress, psi x 1073

TENSILE COUPON STRESS - STRAIN CURVE
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'FIGURE A.1.2
TENSILE COUPON STRESS - STRAIN CURVE
BASIC ROOM TEMPERATURE MATERIAL PROFERTIES
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FIGURE  A.1.3

TENSILE COUPON STRESS - STRAIN CURVE

BASIC ROOM TEMPERATURE PROPERTIES

8
Ultinpte
70 ¥
-“, )
60
50
ko
30
]
/ // Coupon No, L1, 4.2
/ Materiel 7C75-T4 Clod
i/ Thickoess €.125 incj
Test Temperaturel.T
20 Temperature - Time History:
/ Koom Terperature
=
[ / \J—0.0dZ Offg:t Yiefld
10
0 [ /
0

0,00k 0.008 0.012 0,010 0.0

strain, in./in.

S
0,024




NORTH AMERICAN AVIATION, INC.

COLUMBUS DIVISION NAG62H-973
COLUMBUS 16. OHIO Page 2
FIOURE AJl.h

TENSILE COUPON STRESS - STRAIN CURVE
RECOVERY OF ROOM AND ELEVATED TEMPERATURE MATERIAL

PROPERTIES AFTER EXPOSURE TO ELEVATED TEMPERATURE

Vltfrate 4 &

1-10
(R,T.)
N

y
V/\

1-12 i
(2000 T\ AJ
N —

AN
L

1-14

] /1 (3009

I ot 55 Sy
N
/

y.4 Py Ultiruate d ¢
( = e &~
/ / jhj'v:.f*( ) /""Actu: 1 Curye

(9]

Stress, psi x 10-3

/ () £ i / —K
/ A'f ’ A"
AN o, e
/ / / _2‘%3( Coupon No. 1-10,1-1711-14 }-6,
Ly (oo Material 7¢75-14 Yate 213

~r

// Thickness C.187 nchl.
// Test Temperature ot}
Temperature - Time History:

Pas

/ 2 hours at 350%F and 1/2 hour
1l \
% / — 0,002 0Off:fot Yi«rLLd

at 45C°F,

0.00k 0,005 0.0z 0,016 0,020 0.024
Strain, in./in.
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Stress, psi x 10-3

70

ko

10

0

FIGURE A.1.5 4
TENSILE COUPON STRESS - STRAIN CURVE

RECOVERY OF ROO¥ AND ELEVATED TEMPERATURE MATERIAL
PROPERTIES AFTER EXPOSURE TO ELEVATED TEYPERATURE

U1kl
matel—
4
5-5 .
R,T.) \
Y
>4 o\
/
-
Pt | |
71 Pl |-
2000 7-{+ —fctepl Curfre
/ / 300 )%{ (3500p /- ?,'z
i) il %
/ Ultipate —2
T~ e
A j/ 7;1‘ Coupon No.5-5,5-9,5-F 5,7-14,7=10
/, } Loo®) Meterial 7075-T5 igje
/ / Thickness 0.125 Inch
/ Test Temperature ' othd
I/ Temperature - Time History:
/ /7 2 hourg at 350°F and 1/2 hour
/ at 4sC'F,
x 0.00’F Cffset Yield
Il [
///
¥i
V/
0 0.00k4 0.003 0.012 0.01o 0.0%9 0.024

Strain, in./in.

Iéul »-10.G.)

A ST I AL AT R RN S ESDA Y R WY T K N AN WY o 4. N Bl Tk

RV IR A i

AEDN

-

~
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Stress, psi x 10~3

'FIGURE  A.1.6
TENSILE COUPON STRESS - STRAIN CURVE

RECOVERY OF ROOM AND ELEVATED TEMPERATURE MATERIAL

80 PROPERTIES AFTER EXPOSURE TO ELEVATED TEMPERATURE

70

60

o {::17_\ Ultimete ——?\

(233%'1_\ \

Ultiﬁxate
N T\
\ [ \&
Lo ) °
— pea L. Actugl Curye L
| X 4= (300° /— Ultipete
7 a0 |/ -
» "l
L7 =5 ra -
// I,I[ \ . ; Coupon No. 4-7,4-2,4 -5,{_-? 4-5
I/ >——{4—Material 7075-T6 Cled T |

) //] —j \_ Thickness 0.125 inch
/ 4=5 - 44 Test Temperature NoLed
20 {/ (400°

(350° Temperature - Time History:__ |

10

at 450° F,

2 hours at 350° F. end 1/2 hour

FO-OOE Offadt Yield

N

*Te}ns ile Instabllity

e o~y ean e

FORM M.10.6.9

0.004 0.008 ool 0.0lo

Strain, in./in.

P L Tt ST

0, 0cv

P EVIESt L b

0.02)4
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Stress, psi x 10-3
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‘FIGURE A.1.7

TENSILE COUPON STRESS - STRAIN CURVE

RECOVERY OF ROOM TEMPEZRATUKE MATERIAL PROFERTIES

80 AFTER EXPOSURE TQ ELEVATED TEMPERATURE
T0
Ultjimate
)
60
5-3-
-l ——“6
50 s . b
Uitajday —--———Q
/7 N
J
/ -1
L0 / N -
e .
/
/ ——"_J———’——* L__——‘F—S
g 4/
/ ‘
» ' // gl //L/ N\_ st
/ Coupon No. 5-3, 6=7, 5=1§
. / Material 7075-T6 Barp
Thickness 0.125 inch-
Test Temperature ReTl
20 Temperature - Time History:__ _
5-3, 1/2 hour at 450° F.
6~7, 2 hours at 450° F.
5«18, 6 hours gt 450° F.
] / 0,00k offebt Yield
10
jl
/I

0.004

o
FORM M0 G4

0.008 0,012 0.016 0,00
Strain, in./in.

BRI T R A it St PR P SR

0. 02k
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FIGURE A.l.8

COMPRESSION STRESS-STRAIN CURVE

RECOVERY OF

ROOM TEMPERATURE MATERIAL PROPERTIES

AFTER EXPOSURE TO ELEVATED TEMPERATURE

All coupons

obtained from

tensile coupon 1-10.

Tensile Coupon 1-10
(Ref.)

Compression Coupon Areas O

-60
Average of 1310-1,
-50 ( 14 lO-Q,Tand 1110-3
o =)
9 ?
K.Lo
2
Y
@ —f
7]
w_s5
/ 1
/ 1/
=20
N
J Morooz Offset field
! Coupdn No. [1-10-1], 1-1¢}-2, 1-[10-3
/ Meterial 7475-T6 [Bare
-10 Thiclness 4,187 ilnch
! Tdst T« |neratdre R.1.
/ Tduperatjure-Time Hisltory:
2 thours lot 35Q°F. erd 1/2 hour
/ / at 150°K.,
0
0- -0.00% ~0,000 -0,012 -0.016 -0.020

FORM M.18.C.1

e A

Stroin, in./in.

- ok s
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Stress, psi x 107>

Hele G-1

-60

=50

=40

-30

-20 |

-10

FIGURE Ael.9

COMPRESSION STRE3S-STRAIN CURVE
RECOVERY OF ROOM TEMPERATURE MATERIAL PROFERTIES
AFTER EXPOSURE TO EIEVATED TEMPERATURE

Compression Coupon Areas ‘< O

All coupons obtained from
tensile coupon 5-5.

Tensile Coupon 5-5
(Ref.)

H'erage of 5-%-1, 5-5-2,
and 5¢5-3

p

[

D02 Offset Yield

Coupon No.|5-5-1, 5-5-%, 5-5-3
Material. Y075-T6 Bare

/
/

l

Thickness: |0.125 inch
Test Tempe bature: R.T.
Temperatur¢-Time History:

2 hours at}350°F. and {1/2 hour
at 450°F,

-0, 00l

~0.008 ~0.012 -0.016 -0.020

Strain, in./in,
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FIGURE Ae¢lelO
COVPRESSION COUPCU STRESS - STRAIN CURVE
RECCOVERY OF ROOY TEVPERATURT MATERIAL

PROPERTIES AFTER EXPCSURE TO ELEVAT=D TZNPERATURE

70
Ad=rage |of
-1 [and =3 N

-60 +

iy
Z% \_ iverack of
-50 // /'[ - amy =i

RN
RV

Stress, psi x 1C

IN__| 0.00p Ofreht Yield

-20

ASIEIN 1'1-’4—-3,/'-. Ll
ARli-b)
7p75-T€| Fare
4]

C

L7 iheh (<f ~=Z
L125 ipen (= % <h)

-10 = -

Test [lenporfiture KTt

PRTROR WP g -

terpapa luteR o Bl -,,OI‘g:

Soa Flr. 6.6 cn e 5 for
siraih agd coring tempproturg
histopy of prigplfng sppet-ong

6 .

0 -0,00k -G08 0,10 -(.016 -l 00

Sirair, in./in.

d iy e T TITT NN AN ey T YRAT LT T, DA g g = . e
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TEST DATA
Figure A.2.9
Temperature: Ambilent Column A-l
¥ =i
Strdin Ggge Dhta
270
10
240 /
/ Jan®),
< //
WYAS ; 7
e g NN /| ,
kips \,\ \\ (
DN L/
/ \\~
120 /
O/ R
90
60
30
0

-6 -5 h -3 -2 -1 0

Microstrein x 1073
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COLI UL - ."‘ LION ~
COLU," 'rj(‘.‘l.. 4‘:;'.'ﬁ?i‘lhdbllf‘):.‘.)h.na.ltl.ufun' Page ‘<2
TEST DATA
Figure A,2.10
Temperatures Ambient Column A-2
% il
Strafin Gdge Data
270 :
T |
240 | f@(\@/— O O —\T
e e b
219 ;
Load ) i N\ — ]
(kips i L g
- 4 m=t DX L
180 | /: \ /)
® P4
I A
\ ,’
P

lSOA \ \

120

90 g§§h_

60
‘ik\‘
30 ~\\
N
\\
0 \

- -3 -2 -1 0 1 2

Microstrain x 10°3
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TEST DATA
Figure A.2,11

Temperature: 425°F Symmetrieal Column A-3

RN

140 — %\ \_\' ' "‘_@

BESNNERE!
L2 @ \\'x \\i P
' ’ ]

§

\
0
i
W
20 X
|
O 0 % % & =2 o 2 &

Microstrain x 10'3
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TEST DATA
Figure A.2.12
60‘Temperature: 250°F Syrmetrical Colurmn A-lt
3 \ T
~~.E:QL§F5.~ 2! A /
' \\\\ \\ ‘-\ 2 ll ’
140 \\\\'\\‘\~ ) ‘\ . !"— b/,
AN\
\\‘ \ \‘1 o] 1_\"
\ N \ { .
120 \\\ \‘1\\\J L®
ANANS
k\ \“ \\ . '\\\
(s \ m\ \\\ '@
100 AR \‘-\,\\\
/ \
(ip) (B \\\‘\' \ W
W
80 ¥ a \\
\
60 'h\\\.‘.‘k \ \\
b \\\ \\
\\\
AXONRA\!
40 \}.“\\ \ \u.\
A
VR AR\
. ARG
N
AN \'4
\ Y
o Il

& 7 <6 -5 4 3 -2 a1 0 1

Microstrain x 202
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TEST DATA
Figure A.2.13

Temperature: 250°F Unsymmetrical Column A-§

fr’\/

L

L~

180

160

Lo

120
Load
(kips)

100

8o

60

20

-6 -4 -2 ) 2 L 6

Eicrostrain x 1072
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TEST DATA
Figure A.2,1k

Temperature l+50°F Unsymmetrical Colurm A6

@'\ 3 /—@(@

1140' ]
AN
120 \‘- \“" /‘)’
“ \ \A
\ ,
Load , \ / \\

(kips) 100 ‘ \< '\ |
\

RN

\
° 20 \

\.~\ \
-

<8 -7 <6 <=5 a3 -2 1 ) 1

Mievostrain % 107
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TEST DATA
Figure A.2.15
Temperature: Ambient Colums C-1 and C=-2
Cqlumn ¢-k— — ColumL C-1
30 Brelensoris 7 Brbenpotebep—il—
Avg, df Strgi \ ////—-AV’. of ptrain
o8 |CGages [1,2,3 &;_\ \ / Ga:es 4,b,6, &8
26 f{/
A
24 x
\
\\
22
\\§§§§
N n.-.~
20 I\~s
] / - -~~~-_ e
Load 8 /
(kips) 1 ) \ L
Cdlumn d-2 —P L Coljm C-;
16 Hxtensceter |5 Extdnsomefer #4
14
12 ‘
10 i
8
6
L
2 \
0 \
5 <& 3 2 a1 0 1 2 3 b

Microstrain x 1073
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Load
(kips)

A peragpey

TEST DATA
Figure A.2.16

Temperature: 250°F, Symmetrical Column C-3

a2
¢

Y
NG

22

- \ Y
REEANE
12 \\

-
/’——.—7
- o -t

/
. BT
§-

-2 -1 0 1 2

Ficrostrein » 1073
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R Dl i, Pl BT K MO

Temperatures

18

TEST DATA
Figure 4.2.17

250°F, Unsymmetrical Column C=4

f‘/\’

)
-
\ I

. [ |
-%\" _&’ ’/’_‘:r

’ VIR TN
' \
SRS
S
TN
b % |
(N ]
10 AN ‘ —
| ‘}\\\ '
: i
WK
: \
i
Vi
1, \ B
\é,
2 {
‘"l
0 -l -3 -2 -1 0 1 2
Microstrain x 1073
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PV antia T e A N Tk A ! YA,

TEST DATA
Figure £,2.18

Temperature: U450°F, Symmetrical Column»Cf5
5 LI\ AAC ],
.15 \ :
XN |
o NN
P A\ '\ \
12 \ \
NERW!
ol NNV
| VAL T
; \ A
\ R
6 \ 1
\ \\
" _
\ \\
2
N/
. )
-2 -1.5 -1 =5 0 .5 1
Microstrein x 103

WA T R
FORM H.tn.n.y
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CORAVIDY L\ ety

Load

(kips)

18

16

v

-

2

10

COLUMBL . 15, O4IO Page 233
TEST DATA
Figure £.2.19
Temperature: 450°F, Unsymmetrical Column C-6
=
) Fe] 5
Y N [+
- 1 < \._ A
N
AN N
N 7
\
) \ |
\ | | |
\
— \ {
\ ‘
\ L -
\ [ >
AR U AY
\ i
uA -
ALY
\
| 7 -
\
\ \ / ]
!/
\ I /
\ /
A\ J
\ /
/
\ %
‘| I’
4
-6 -ll' -2 O 2 ll- 6
Microstrain x 1073




NORTH AMERICAN AVIATION, INC.

COLUMBUS DIVISION

COLUMBUS 16, OHIO g:g?;g?
TEST DATA
SPECIMEN B9
UNSYMMETRICAL HEATING « COMPRESSION COVER HOT
Temperature: l+50°F )

Heat | Load |cControl MTCROSTRAIN Elapsed
- Temp. [ExTonso- Ixtenso= Extenco= | Bxtenso= Time
Cycle| (Pounds) (°F) (meter #2 | meter #3 neter #4 Imeter #8 | (n,)

2,000 | Ambient - - - -

2,000 450 - - - -

5,000 450 | + 540 + 530 - 560 - 620

10,000 Ls5o | +1,450 +1,510 - 1,550 - 1,570

15,000 450 | +2,450 +2,480 - 2,760 - 2,830

20,000 450 | +3,690 +3,480 - L, 740 - L0

21,000 450 | +3,930 +3,600 - 5,470 - 5,280

22,000 uso | +4,160 +3,790 - 6,080 - 4,290

23,000 450 | +4,300 +4,050 - 7,000 - 6,500

214,000 450 | +s,670 +y, 210 - 8,160 | = 7,150

25,000 450 | +4,850 +14,430 - 9,000 - 7,880

26,000 450 | +5,1%0 +14,630 - 9,960 - 8,380
1 |27,000 450 | +5,630 +4,880 -12,380 - 9,760

27,000 120 | +4,790 +14,170 13,1400 13,910 70
z 27,000 450 | +5,320 4,660 -13,1%0 ~10,850

27,000 120 | +k4,780 +14,110 13,980 -14,210 72
3 27,000 450 | +5,350 +4,660 =15,670 =I1,280

27,000 | Ambient | +4,310 +3,270 ~1&, 200 =15,450 o
4 |27,000 450 | +5,320 +14,220 -15,110 -10,000

27,000 120 | +&, 710 +2,930 -1L.,850 -14,880 76
5 27,000 450 | +5,250 +3,660 -1%,120 =11, 690

27,000 200 | +k,570 +2,550 «14,910 -15,310 78
€ |27,000 B50 | +5,280 +3,650 ~14,070 | =11,900

27,000 120 | +k,710 +2,340 15,290 15,200 80
7 |27,000 450 | +5,390 3,650 =1L, 780 1 =11,930

20,000 450 | +h,Lho +2,810 -13,880 | =10,600

10,000 450 | +2,920 +1,080 -11,420 - 8,500

5,000 450 | +2,070 + 180 - 9,990 - 7,250

2,000 450 | +1,530 - 380 - 8,990 - 6,420 89

H-18-G-1




NORTH AMERICAN AVIATICN, INC.

COLUMBUS DIVISION NA62H-973
COLUMBUS 16, OHIO Page 235
TEST DATA
SPECIMEN B-10
UNSYMMETRICAL HEATING - TENSION COVER HOT
Temperature: 450°F . :
Control MICROSTRAIN Elapsed
geiie (Plc;ﬁigs) Temp. [TExtenso- Extenso= xtenso= Extenso- Time
¥ (°F) | meter #2 meter #3 meter #4 meter #5 (¥in.)
2,000 | Ambient - - - -
2,000 | 450 - - - - Lo
5,000 | 450 + 600 + 560 - 450 - 940
10,000 | 450 + 1,590 + 1,540 -1,210 -1,170
15,000 | 450 + 2,530 + 2,740 ~1,940 -2,000
20,000 | 450 + 3,690 + 4,080 =2,690 -2,750
25,000 | 450 + 4,960 + 6,000 «3,770 -3,890
26,000 | 450 + 5,700 + 7,110 Ly, 040 4,140
26,500 | 450 + 6,100 + 7,980 Ly 260 =l 420
27,000 | 450 + 6,600 + 8,740 =l 1420 -lt, 560
28,000 | 450 + 7,090 + 9,690 -4, 750 «5,020
29,000 | 450 + 8,400 +11,320 «54150 =5,340
30,000 | 450 + 9,280 413,071 «5,710 =6,170
1 | 31,000] 450 +11,770 +16,400 ~6, 580 -7,100 66
31,000 95 +9,390 +15,670 =6, 050 =8,170
2 31,000 | 450 +14,380 +19,170 =6, 720 -7,760 69
31,000 | 120 410,880 +16,660 -6,850 =8,160
3 131,000 { 450 +15,840 420,620 -7,130 =7,900 71
31,000 | 120 412,110 +18,150 «7,060 -8,040
' 31,000 | Ambieni] +11,670 +18,280 -6,760 -8,860
4 ] 31,0001 Lso +16, 680 +21, 660 -7,120 -8,170 74
31,000 | 120 413,090 +18,990 -7,190 -8,500
5 | 31,000 | 450 +17,480 +22,720 -7,400 -8,230 77
31,000 [ 120 +13,920 +20,060 =74370 ~8,710
6 | 31,000 | 450 +18,010 +23,600 -7,470 ~8,140 79
31,000 [ 85 +1%, 040 +19,500 =74 260 -9,090
7 | 31,000 | 450 +18,300 +24,170 «7,510 -8,590
25,000 | 450 417,740 +23,280 -6,580 =7,370
15,000 | 450 415,860 +21,220 -l, 530 -5,310
5,000 | 450 +13, 760 +19,090 -2, 560 -1,890
2,000 | 450 +13,060 +18,280 -2,030 -2,630 86
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NORTH AMERICAN AVIATION, INC.

COLUMBUS DIVISION NA62H-973
COLUMBUS 16, OHIO Page 236
TEST DATA
SPECTMEN B=1l
SYMMETRICAL HEATING
Temperature? 250°F
Control FLICROSTRAIN Flapsed
Heat | Load Perp, | LXtenso=- X Lenso= TXienso= Extenso= Time
CyclefPounds) (OFg meter #2 meter #3 meter # meter #5 |(Min.)
2,000| Ambient - - - -
5,000| Ambient| + 500 + 560 - 490 - 500
10,000| Ambient| +1,350 + 1,330 - 1,240 - 1,300
15,000| Ambient| +2,090 + 2,150 - 1,930 - 2,070
20,000| Ambient| +2,850 + 3,040 - 2,480 - 2,890
25,000| Ambient| +3,630 + 3,930 - 3,280 - 3,850
30,000| Ambient| +4,470 + 4,880 - 4,190 - 5,110
32,000| Ambient| +4,790 + 5,500 - b,640 - 5,740
34,000| smbient| +5,400 + 5,890 - 5,200 - 6,510
36,000| Ambient| +5,530 + 6,400 - 5,820 - 7,470
37,000} Ambient| +5,730 + 6,660 - 6,170 - 8,060
1 | 37,000 250 +8,500 +21,180 ~10,070 «14,810 2
37,000 120 7,110 + 8,560 =10,980 «16,770
2 | 37,000 =250 +8,61C 420,900 ~10,380 ~11,020 L
37,000 120 +7,190 + 7,120 ~11,180 -16,980
3 37,000} 250 +8,710 +18,510 =10, 590 -15,670 5
37,000] 120 +7,280 + 6,770 =11,420 -17,250
4 | 37,000 250 +8,750 +18,790 =10, 800 -15,850 6
37,000 120 +7,330 + 6,730 -11,620 -17,0460
5 | 37,000 250 +8,780 +20,760 ~10,940 -16,070 7
2,000 120 +1,660 + 730 - 5,880 -10,870
5,000| Ambient| + 500 No Reading - 500 - 640
10,000| Ambzent| +1,260 + 1,360 - 1,350 - 27
20,000} Ambient| +2,840 + 3,000 - 3,120 - 3,930
30,000 Ambient| +4,400 + 3,180 - 4,820 - 6,110
36,000{ Ambient| +5,380 + 5,600 - 5,810 - 7,450
37,000| Ambient| +5,550 + 5,750 - 5,950 - 7,680
38,000| Ambient| +5,720 + 5,950 - 6,080 - 7,860
6 | 38,000| 250 +7,620 422,400 - 5,080 ~16,300 .
38,000] 120 +6,160 + 7,210 - 6,920 - 8,000
7 | 38,000| 250 +7,660 +18,890 - 6,270 - 5,920 9
38,000 120 +6,2010 + 5,850 - 7,070 - 8,260
8 | 38,000] 250 +7,690 +11,180 - 6,400 - 6,940 10
38,000 120 +6,340 + 5,610 - 7,210 - 8,540
9 | 38,000} 250 +7,790 +10,690 - 6,640 - 7,180 11
38,000f 120 46,310 + 5,110 = 7,210 - 8,940
39,000{ 120 +6,340 + bL,750 = 75340 - 9,090
10 | 39,0000 250 +7,900 + 9,350 - 6,790 - 7,830 12
39,000] 120 +6,580 + 5,160 - 7,810 - 9,370
[ 1) | 39,000] 250 +8,010 + 9,470 ~ 7,330 - 8,350 | 13
39,0001 120 +6,670 + 5,050 - 7,950 - 9,970
12 39,000f 250 48,140 + 8,650 = 7,520 - 8,810 14
39,000 ] 120 +6, 7010 + 5,020 - 8,310 10,510
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TEST DATA
SPECIMEN B-11 (Continued)
SYMMETRICAL HEATING
Control MICROSTRATH Elapsed
g;z;e (ngs) Temp. | Extenso=~ Extenso= Extenso=- Extenso- Time
(°r) meter #2 meter #3 moter #4 meter #5 (Min.,)
13 | 39,000 | 250 +8,210 + 8,060 - 7,880 = 9,500 16
39,000 | 120 +6,810 + 5,120 - 8,761 ~10,970
14 | 39,000 | 250 +8,510 + 7,360 -~ 8,370 ~10,090 19
39,000 | 120 +6,910 + 4,450 - 9,110 ~12,380
15 | 39,000 | 250 +8,370 + 8,260 - 8,730 -11,120 20
39,000 | 120 +6,950 + 5,080 - 9,180 ~12,660
16 | 39,000 | 250 +8,440 + 8,090 - 8,900 11,440 21
39,000 [ 120 +6,960 + 4,170 - 9,690 «12,920
17 1 39,000 | 250 +8, 540 + 5,880 - 9,390 ~11,690 22
39,000 | 120 +7,180 + 280 - 9,970 ~13,220
18 | 39,000 | 250 +8, 500 + 3,470 - 9,300 ~12,060 23
39,000 [ 120 +6,970 - 840 «10,030 =13,740
19 9,000 | 250 +8,610 + 2,340 - 9,440 -12,330 2N
39,000 | 120 +7,120 - 600 -10,280 ~13,860
20 | 40,000 | 250 +8,910 + 4,350 =10,210 «12,980 25
40,000 | 120 +7,470 + 840 =11,500 -14,580
21 | 40,000 | 250 +9,150 + 3,910 -11,570 ~13,410 26
ho,000 [ 120 +7,620 + 1,290 «12,710 =15,310
22 | 40,000 | 250 +9,060 + 3,080 ~12,670 =14,440 27
40,000 | 120 +7,930 + 1,920 =13,520 «15,580
23 | 40,000 | 250 +9,220 + 3,740 =13,920 ~15,090 28
40,000 [ 120 +7,900 + 1,900 -14,510 ~16,340
5,000 Pmbient | + 470 + 550 - 490 - 670
10,000 pmbient { +1,220 + 1,360 - 1,390 - 1,830
20,000 Ambient | +2,740 + 3,070 - 3,300 ~ 4,060
30,000 fimbient | +4,280 + U,700 - L,960 - 6,200
38,000 hmbient. | +5,520 + 6,040 - 6,230 - 7,980
39,000 Ambient | +5,690 + 6,240 - 6,360 - 8,180
40,000 pmbient | +5,870 + 6,400 - 6,500 - 8,440
24 | L0,000 | 250 +8,210 +13,720 - 5,960 - 7,010 29
46,000 | 120 +6,470 + 7,120 - 6,950 - 8,990
25 | 40,000 | 250 +8,310 +15,200 - 6,300 = 7,730 30
40,000 | 120 +6,760 + 9,780 - 7,160 - 9,300
26 | 40,000 | 250 +8, 600 +17,110 - 6,390 - 8,560 32
40,000 | 120 +6,920 + 7,320 - 7,620 -10,000
27 1 40,000 | 250 +8,620 +16,250 - 6,680 = 9,300 33
ho,000 | 120 +6,990 + 7,068 = 7,600 -11,850
28 | 41,000 | 250 Failure Failure Failure Failure
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TEST DATA
SPICIMEN B-12
SYI'METRICAL HEATING
Temperature: 450°F '
tieat | Load | Control - - MICROSTRATN Flapsed
cle |(Pounds){ Temp. enso= €nso= iIxtenso~ |ixténso - Time
i ( ) (°§‘x§ meter #2 neter #3 meter #4 |meter #5 (Min,)
2,000 Ambient - - - -
2,000 | 450 + 44,260 + 3,890 + 680 + 5,440
2,000 | 450 + 4,370 + 5,090 + 530 + 5,440 30
5,000 | 450 + 4,960 + 5,630 - 450 + 5,150
10,000 | 450 + 6,070 + 6,660 - 1,290 + 4,180
15,000 | 450 + 7,060 + 7,840 - 2,140 + 2,960
17,000 | 450 + 7,660 + 8,580 - 2,980 + 2,430
18,000 | 450 + 7,940 + 8,950 - 3,530 + 2,150
19,000 | U450 + 8,350 + 9,410 - 3,710 + 1,830
20,000 | 450 + 8,640 410,020 - 4,280 + 1,130
21,000 | 450 + 9,010 +10,750 - 5,230 + 690
22,000 | 450 + 9,620 +11,260 - 6,220 0
1 | 22,500 450 +10,140 +12,030 ~ 74200 - 570 61
22,500 | 120 + 6,520 - 8,000 - 5,740
2 | 22,500 450 410,850 - 8,040 - 1,720 63
22,500 | 120 + 6,840 - 9,240 - 6,650
3 | 22,500 | 450 +11,700 - 9,310 - 2,720 66
22,500 | 120 + 7,660 =10,220 - 8,010
4 | 22,500 | 450 +12,480 ~11,000 - 4,220 7
22,500 [ 120 + 8,370 -11,360 - 9,400
5 | 22,500 | 450 +12,940 -12,260 - 5,010 74
22,500 | 120 + 8,950 =12,670 -10,000
6 | 22,500 | 450 +13,430 -13,320 - 6,010 76
22,500 | 120 + 9,030 =13,740 =11,090
7 | 22,500 | 450 +13,790 -13,900 - 6,980
18,000 | 450 +13,220 -13,670 - 6,080
15,000 | 450 412,690 ~13,290 - 5,190
10,000 | 450 +11,740 =12,120 - 4,030
5,000 | 450 +10, 570 =10,720 - 2,820
2,000 | 450 + 9,860 | - 9,840 - 2,030 84
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TEST. DATA
SPECIMEN B-13
SYMMETRICAL HEATING
Temperature 250°F
Heat Load | Control MICROSTRATN Elapsed
Cycle [(Pounds) ’{em . | Extenso~ xtenso- Extenso- |Exlenso- Tinme
°Fg meter #2 meter #3 meter #4 |Imeter #5 (Min.)

2,000 jAmbient - - - -

5,000 [Ambient | + 670 + 500 - 530 - 3%

10,000 |Ambient | + 1,660 +1,230 - | - 1,270 - 1,260

15,000 [Ambient | + 2,580 + 1,980 - 2,000 - 1,870

20,000 jAmbient | + 3,500 + 2,810 - 2,930 - 2,720

25,000 [\mbient | + 1,500 + 3,620 - 3,800 - 3,580

30,000 [Ambient | + 5,690 + 14,390 - 5,060 - 1,650
31,000 [Ambient | + 5,910 + 4,540 - 5,340 - 4,880

32,000 [Ambient | + 6,200 + 4,710 - 5,650 - 5,190

33,000 |Ambient | + 6,340 + 4,910 - 6,020 - 5,480

34,000 [Ambient | + 6,680 + 5,120 - 6,410 - 5,790

35,000 |Ambient | + 6,990 + 5,270 - 6,890 - 6,250

36,000 [Ambient | + 7,250 + 5,460 - 7,370 - 6,480

37,000 |Ambient | + 7,550 + 5,670 - 8,110 - 6,880

38,000 |Ambient | + 7,870 + 5,830 - 8,540 - 7,340

39,000 |Ambient | + 8,180 + 6,030 - 9,390 - 7,910

140,000 |*mbient | + 8,580 + 6,280 -10,410 - 8,580

41,000 [Ambient | + 8,890 + 6,520 11,560 - 9,440

42,000 [~mbient | + 9,010 + 6,730 -12,620 ~10,900

1 |35,000] 250 26,760 +13,720 -22,830 ~12,860 0
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TEST_DATA
SPECIMEN B-14
UNSYMMETRICAL HEATING - COMPRESSION COVER HOT
Temperature :450°F
Heat{ Load [Control MICROSTRAIN Elapsed
Cycle |(Pounds) Temp. | Extenso- Extenso=- Extenso- |Extsnsoe Time
(°Fg meter #2 meter #3 meter #4 |[meter #5 (Min.)
2,000 {Ambient - - - -
2,000 | k50 - - - -
5,000 | 450 + 480 + 700 - 560 - 530
10,000 [ 450 +1,300 + 1,990 - 1,560 - 1,420
15,000 | 450 +2,100 + 3,930 - 2,700 - 2,460
20,000 | L50 +2,920 + 4,920 - 4,230 - 4,030
21,000 | 450 +3,160 5,050 - 4,710 - 4,460
22,000 | 450 +3,380 + 5,500 - 5,250 - 4,960
23,000 [ 450 +3,590 + 5,790 - 5,880 - 5,490
24,000 | k50 +3,840 + 6,130 - 6,640 - 6,100
25,000 | 450 +14,040 + 6,140 - 7,450 - 6,680
26,000 | 450 +4,330 + 4,320 - 8,720 - 7,470
27,000 | 50 +4,620 + 3,230 - 9,990 - 8,400
27,500 | 450 +4,790 + 3,460 -11,110 - 9,400
28,000 | 450 +14,960 + 3,370 -11,740 - 9,970
1 | 28,500 | 450 +5,110 + 3,110 ~12,490 -10,830 66
28,500 | 120 +3,990 + 1,680 =12,970 -15,150
2 | 28,500 | 450 +1t, 510 + 1,500 -12,380 =12,120 69
28,500 | 120 +3,940 + 1,700 -13,520 -15,980
328,500 [ %50 4,690 E ) ~12,830 -12,760 a
28,500 | 120 +4,040 + 1,680 ~14.,160 ~16,380
L 128,500 | 450 +4,480 + 1,540 «13,110 -13,160 73
28,500 pmbient | 43,590 + 1,960 -13,920 -17,560 »
g 28,500 | %50 4,550 + 1,650 -13,280 -13,550 75 |
28,500 | 120 +4,030 + 1,890 =24,770 -16,980
6 | 28,500 | 450 +4,980 + 1,630 <14,510 ~114,050 78
28,500 | 120 +it, 270 + 1,800 =15,710 -16,130
7 | 28,500 | 450 +%,950 + 1,650 =15,050 -1%,510
20,000 | 450 +3,800 + 170 -14,510 ~12,880
10,000 | 450 +3,520 - 1,220 -12,800 ~10,470
5,000 | 450 +1,290 - 1,800 -11, 560 - 9,190
2,000 | 450 + 720 - 2,520 -10,5420 - 8,260 88
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NORTH AMERICAN AVIATION, INC.
COLUMBUS DIVISION

NA62H-973
COLUMBUS 16, OHIO Page ol
TEST DATA
SPECIMEN B-15
- _UNSYMMETRICAL HEATTNG = = TENSION COVER HOT
Temperature L50°F :

Control JMICROSTRATN Elapsed
eat 1oad Temp. [ ::ctenso- Extenso= Extenso~ Extenso- Time
Cycle |(Pounds) (°F) |=zeter #2  |meter #3  |meter #4 | meter #5 |(ifin,)

2,000 [imbient - - - -
2,000 | 450 - - - -
5,000 | 450 + 670 + 560 - 530 - 500
10,000 | 450 + 1,630 + 1,680 -1,360 -1,330
15,000 | 450 + 2,550 + 2,830 -2,280 -2,230
20,000 | 450 + 4,110 + 4,010 =3,140 =3,050
25,000 | 450 + 6,270 + 5,910 -lt,360 «lt,210
26,000 { k50 +7,920 + 6,700 -4, 810 =4, 1470
27,000 | 450 + 8,960 + 7,740 =5,290 =L, 890
. 28,000 [ 450 +11,020 + 8,980 ~5,650 -5,170
1 | 28,000 | 450 +14,210 +11,140 -6,060 =54650 66
28,000 | 120 + 9,920 + 9,310 =5,720 -6,770
2 | 28,000 &350 +15,060 +12,020 -6,050 -6,080 69
28,000 | 120 410,620 + 9,650 -5,880 -6,800
28,000 |'mbient | + 9,810 +10,420 =5,770 =7,370
3 28,000 | K50 +15,620 +12,090 -6,090 -56,200 A
28,000 | 80 +10,840 +10,100 =5,940 ~7,210
L] 28,000 450 +16,310 +12,380 =6,230 =6,110 h
28,000 | 95 411,920 +10,210 -6,060 -7,080
5 | 28,000 &50 +17,050 +12,810 -5,290 -5,110 77
28,000 | 115 +12,650 +10, 560 =6,170 -7,100
6 | 28,000 %50 +17,620 +13,110 -5,300 «6,220 79
28,000 | 110 +13,010 +11,120 -6,160 ~7,250
7 28,0001 Ls50 +18,160 +13,450 =56,7360 =5,250
20,000 | 450 +16,880 +11,820 ~4,810 ~4,680
10,000 | 450 +14,720 + 9,540 -2,790 ~2,620
5,000 | 450 +13,650 + 8,400 -1,830 «1,650
2,000 | 450 +12,810 + 7,570 -1,270 ~1,090 89
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TEST DATA
SPECTMEN B-16
SYMMETRICAL HEATING
Temperature: 450°F
Control MICROSTRAIN Elapsed
Heat| Load Temp. |ixtenso- Extenso- Ixtenso- Extenso- Tiﬁe
Cyele | (Pounds) (OFFH})) neter #2 meter #3 | meter #4 | meter # (in,)
2,000 | Ambient - - - -
5,000 | Ambient{ - 340 - U450 + 510 + 520
10,000 | Ambient| 1,010 -1,150 + 1,320 + 1,230
12,000 | Ambient| =1,330 =1 430 + 1,630 + 1,550
14,000 | Ambient| 1,630 -1,710 + 1,930 + 1,830
15,500 | Ambient| 1,840 -1,960 + 2,170 + 2,020
1 | 15,500 | 450 +1,190 + 3,990 + 9,940 6
15,500 | 120 =3,040 + 2,840 + 3,160
2 15,500 | 450 + 310 + 3,990 + 9,140 12
15,500 | 120 =3,040 + 2,840 + 3,360
3 | 15,500 | %50 + &0 + 4,160 + 9,490 18
15,500 | 120 -3,040 + 2,840 + 3,720
L | 15,500 | 450 + 160 + 4,290 + 9,2U0 2
15,500 | 120 =3,040 + 2,870 + 3,690
5 15,500 | 450 + 60 + 4,160 1 9,560 30
15,500 | 120 =3,150 + 2,980 + 3,690
6 [ 15,500 | L350 - 60 + §,230 + 9,700 36
15,500 | 120 -3,090 + 2,980 + 3,834
7 15,500 | 450 - 110 + 4,280 + 9,560
2,000 | 450 +2,890 + 1,410 + 7,130 Ls
5,000 | 450 - 0 ¥ 600 + 530
10,000 | 450 -1,180 + 1,550 + 1,470
15,500 | 450 -2,280 + 2,570 + 2,550
16,000 | 450 -2,410 + 2,780 + 2,760
8 16,500 | 450 =2,370 + 2,910 + 2,860 57
16,500 | 120 -5,660 + 1,880 - 3,050
9 | 16,500 | &50 =2,230 ¥ 3,090 + 3,290 63
16,500 | 120 =5, 790 + 1,970 - 2,580
10 16,500 | 450 =2,430 + 3,180 + 3,290 &9
16,500 | 120 -5,820 + 1,970 - 670
11 16,500 | 450 =2,570 + 3,250 + 3,480
17,000 | 450 -2,680 + 3,380 + 3,620
17,500 | 450 -2,820 + 3,490 + 3,730
2,000 | 450 - 130 + 250 + 690 81
5,000 {450 = TI10 + 7550 540
10,000 | 450 -1,250 + 1,410 + 1,570
15,000 | 450 -2,160 + 2,590 + 2,590
17,50C | 450 ~2,840 + 3,280 + 3,320
12 | 18,000 | 450 ~3,110 + 3,380 +.3,U450 ol
18,000 | 120 ~6,670 + 2,150 + 2,380
13 18,000 | 450 -3,0460 + 3,600 + 3,430 100
I18,0004L 120 =6,9%0 + 2,350 - 2,080
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NORTH AMERICAN AVIATION, INC.

COLUMBUS DIVISION '
NA62H-973

COLUMBUS 16, OHIO
Page 243
TEST DATA
SPECIMEN B-16 (Continued)
SYMMTRICAL EEATING
Heat | Load [ontrol MICROSTRAIN Elapsed
Cycle| (Pounds) Temp. | Extenso- enso= Extenso- ExTenso= Time
(°rF metor 12 meter }3 neter f4 | meter s (¥3n, )
14 |18,000 | 450 ~3,550 +3,660 + 3,690 106
18,000 | 120 -7,060 +2,390 - 2,150
15 [18,000 | &50 -3,660 +3,760 + 3,690 112
18,000 | 120 =7,190 +2,500 - 2,150
18,000 | 450 =3,670 +3,860 + 3,590
18,500 | 450 ~4,000 +3,920 + 3,730
16 {19,000 | 450 /4,010 +l4, 040 + 4,030 120
19,000 | 120 =7,420 +2,810 - 1,570
17 [19,000 | 450 4,230 +4,360 + 4,290 126
19,000 | 120 -7,670 +3,000 - 1,390
18 [19,000 | %350 i, 540 +4,530 T, 340 132
19,000 {120 =7,840 +3,190 - 1,120
19 [19,000 | 450 4,540 +1,630 + 4,420
2,000 | 450 -1,300 + 700 + 1,520 141
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APPENDIX B

PHOTOGRAPHS
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Figure B.l

Extensometer and Calibration Jig

Figure B.2

X-Y Plotter Showing Load-Strain
Curve for Typical Tension Coupon
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{4

Figure B.4

Figure B.3

<o SN AP AT % IO e e,

Typical Test Setup For lLong
Column Elevated Temperature Test

Typical Test Setup For Tension
Coupon Test at Ambient Temperature
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COLUMBUS 16, OHIO

Figure B.5

e e ———— e smctte: e

Ve €%%q, =
. e

Three Bending Beams Loaded to Failure
at Elevated Temperature

Figure B.6

Typical Crippling Fallure of Bending
Beam at Ambient Temperature
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Figure B.8

Typical Setup of Bending Beam
During Elevated Temperature Test

Figure B.7

Short Columns After Failure
at Ambient Temperature
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